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111. 
"The best thing for being sad," replied Merlin, beginning to puff 
and blow, "is to learn something. That is the only thing that never fails. 
You may grow old and trembling in your anatomies, you may lie awake 
at night listening to the disorder in your veins, you may miss your only 
love, you may see the world around you destroyed by evil lunatics, or 
know your honour trampled in the sewers of baser minds. There is only 
one thing for it then - to learn. Learn why the world wags and what wags 
it. That is the only thing the mind can never exhaust, never alienate, never 
be tortured by, never fear or distrust, and never dream of regretting. 
Learning is the only thing for you. Look at what a lot of things there are 
to learn - pure science, the only purity there is. You can learn astronomy 
in a lifetime, natural history in three, literature in six. And then, after 
you have exhausted a million lifetimes in biology and medicine and 
theocriticism and geography and history and economics, why, you can 
start to make a cartwheel out of the appropriate wood, or spend fifty 
years learning to begin to learn to beat your adversary at fencing. After 
that you can start again on mathematics until it is time to learn to plough." 
-Terence H. White, 
The Once and Future King, 
( 1958 ) 
" 
IV. 
ABSTRACT 
This thesis deals with approaches to the synthesis of 1,4,7 -triphenyl-l ,4,7 -tri-
phosphacyclononane along the following three lines: (a), the radical-initiated cyclisation 
between phenyldivinylphosphine and 1 ,2-bis(phenylphosphino )ethane (which gave an 
indication of fonnation of the desired nine-membered ring) and the high-dilution reaction 
between the dianion of bis[2-(phenylphosphino)ethyl]phenylphosphine with 1,2-
disubstituted ethanes or vinyl bromide; (b), template reactions involving the cyclisation of 
(1]5-cyclopentadienyl)[bis{2-(phenylphosphino)ethyl}phenylphosphine]iron(II) hexa-
fluorophosphate and; (c), an approach involving the cyclo-trimerisation of I-phenyl-
phosphirane. (Reaction between vinyl bromide and dilithium 1 ,2-bis(phenylphosphido)-
ethane gave a good yield of 1 ,4-diphenyl-l ,4-diphosphorinane.) Approach (b) involved a 
detailed investigation of the stereochemistry and properties of a variety of diastereomers 
of novel organometallic complexes. Cyclisation was achieved on the (1]5-cyclopenta-
dienyl)iron(Il) template, but in low yield. Approach (c), although explored to a limited 
extent, resulted a highly improved synthesis of I-phenylphosphirane and the fIrst 
synthesis and isolation of I-phenylphosphetane. Crystal structure determinations were 
perfonned on complexes of the type !ac-[Mo(COhL3] for both of these ligands, which 
indicated potentially favourable stereochemistries for cyclo-trimerisation. A small quantity 
of I-phenylarsetane was also synthesised and identifIed by coordination in a metal 
complex. 
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CHAPTER 1 
INTRODUCTION 
"Men grind and grind in the will of a truism, and nothing comes out but 
what was put in. But the moment they desert the tradition for a 
spontaneous thought, then poetry, wit, hope, virtue, learning, anecdote, 
all flock to their aid." 
-Ralph Waldo Emerson 
Literary Ethics 
(1938) 
........... 
2. 
1.1 Introduction 
Most chelating macrocycles are cyclic molecules containing an organic backbone 
and various heteroatoms capable of coordinating to a metal centre. This definition covers 
both the naturally occurring porphyrins,la-c ionophores,2a,b and cyclodextrins,3 and the 
artificial crown ethers,4a,b catenands,5 and sepulchrates.6 Without doubt, the study of 
macrocYcles has been a growth area in chemistry serving to stimulate, excite, and to 
challenge many of the older concepts in coordination chemistry. Macrocycles have the 
unique capacity of altering metal ion properties in selective transport, catalysis, and to 
stabilise complex formation. 7 
There are big differences between macrocycles and polydentate ligands, not only 
in the structural sense, but also in terms of their relative chelating ability. Although a 
polydentate ligand can be considered as an 'open-chain' macrocycle, it is the enhanced 
thermodynamic stability of macrocyclic complexes compared to comparable complexes of 
polydentate ligands that distinguish the two. The increased stability is due to enthalpic and 
entropic contributions arising from coordination of the macrocycle, giving a more 
negative Gibbs energy of formation for the complexes.8 
The bulk of macrocYcles contain nitrogen, oxygen, and sulfur donor atoms, with 
nitrogen and oxygen predominating. The ease of synthesis, relative stability, and possible 
medical applications has stimulated work on the nitrogen and oxygen compounds. On the 
other hand, macrocYcles containing phosphorus and arsenic are few. This bias is due to 
difficulties associated with synthesising phosphines and arsines. Phosphines and arsines are 
often prone to oxidation and with the low yields of multi-step syntheses of macrocycles, 
comparativel y few arsine and phosphine macrocycles have been isolated.9 
1.2 Hard and Soft Bases 
Ligands containing the above heteroatom donors may be classified as hard and 
soft bases. A thorough discussion of hard and soft, acids and bases is beyond the scope 
3. 
of this thesis, but there are excellent monographs on the topic. 10,lla-d Hard bases, like 
oxygen and nitrogen, preferentially bond to alkali metals, alkaline earth metals, and frrst 
row transition elements in high oxidation states. Soft bases, which include arsenic, 
phosphorus, and sulfur, preferentially bond to the later transition metals especially in low 
oxidation states. 12a,b Indeed, Pearson 10 had given a qualitative rule for predicting 
complex stability, which is: "Hard acids prefer to bind to hard bases and soft acids prefer 
to bind to soft bases." 
Tervalent phosphorus can act as a 7r-acid acceptor. A a bond is formed when the 
phosphine coordinates to a metal and excess electron density on the metal is transferred 
back via d-orbitals on the metal through the empty d-orbitals on the phosphorus. 13 This 
simple picture of back-bonding may only apply when the substituents on phosphorus are 
strongly electronegative, for example, Ph, OR, Cl, or F.13 
1.3 Phosphorus Containing Macrocycles 
Following the syntheses of macrocycles containing oxygen and nitrogen 
heteroatoms, chemists have endeavoured to prepare macrocycles containing arsenic, 
phosphorus, or sulfur donors in attempts to produce compounds selective for soft metals. 
Phosphorus macrocycles may be classified further into those containing the tri-coordinate 
(a3), tetra-coordinate (04) , or penta-coordinate (as) phosphorus. Tervalent phosphorus 
macrocycles include the phosphonites 1 and phosphites 2. Although the tertiary 
phosphine macrocycles 38a-c were prepared in 1975,14 macrocyclic phosphonites were 
isolated as early as 1949 by the dimerisation shown in Scheme 1,15 but the reaction was 
reversible. 16 
Scheme 1 
... 
.. 
Several macrocyclic phosphites have been made (Scheme 2) where, in contrast 
to the phosphonites, the phosphite compounds are stable.17 
Scheme 2 
2 
Tetra-coordinate phosphorus macrocycles are also known; these include the 
phosphonates 3,18 phosphonothioates 4,16 and phosphates 5. 19 Macrocyclic phosphine 
oxides 6,20 and phosphonium salts 7,21 can also be included in this category. 
3 
Me"-". ~ S p::/' 
/\ Me)(O 0VMe 
Me 0 OYMe 
\ / p S~ '-..... Me 
4 5 
4. 
7 
Another group of phosphorus macrocycles contains penta-coordinate 
phosphorus. By definition, penta-coordinate phosphorus is pentavalent (A5) and cannot 
5. 
coordinate through phosphorus. A representative of this type of macrocycle is compound 
8.22 
8 
1.4 Phosphine Containing Macrocyc1es 
The most investigated category of phosphorus macrocyc1es are the macrocyclic 
poly(tertiary phosphines). Numerous examples exist with one to four phosphorus atoms 
present, sometimes in conjunction with other donors (N, 0, S, or As), with ring sizes 
between six and twenty members. In this section tertiary phosphine macrocycles will be 
discussed paying particular attention to synthetic methodology. The review will be 
confined to macrocycles containing at least three heteroatoms, two of which will be 
phosphorus. The ring sizes of six and larger will be considered. Macrocycles with 
tervalent phosphines as pendant groups, for example 9,23 will not be included. 
6. 
One of the first phosphine containing macrocycles made was the pentadentate 
macrocycle 10.24 The methodology was influenced by the style of nitrogen rnacrocycle 
syntheses of the period,25a,b that is, via a Schiff base condensation of 2,6-diacetyl-
pyridine with a bis(primary amine). The reaction leading to 10 (Scheme 3) was 
conducted in the presence of a stoichiometric quantity of various metal salts (perchlorates 
of Mn2+, Fe2+, Zn2+, Cd2+, Hg2+, or Ag+) and the yields were variable (10-70%). 
Scheme 3 
Me Me 
+ 
. 
H2N(CH2)mPPh(CH2)nPPh(CH2)mNH2 
Me I h Me 
I N (N~J/N~ 
(CH2>m MX+ (CH2)m ~p/ ~p) 
Ph \ jPh '-(CH2>n~ 
lOa : m=n=2 
lOb : m = 2, n = 3 
10c : m = 3, n = 2 
10d :m=n=3 
A mixed nitrogen-phosphorus tetradentate was also prepared by a modification 
of the above method (Scheme 4). In attempting to prepare the fourteen- and sixteen-
membered macrocycle 13a and 13b,26 it was found that the in situ reactions of the linear 
tetradentates lla and lIb with acetylacetone and Ni(OAc)2.4H20 were unsuccessful. 
Instead, in situ fonnation of the sexidentate Schiff base 12a and 12b followed by 
addition of Ni(OAc )2.4H20 as the template resulted in the formation of macrocycle 13a 
and 13b with the elimination of acetylacetone. 
Scheme 4 
lla:n=2 
Ilb:n=3 
13a:n=2 
13b:n=3 
+ MeyyMe 
o 0 
Cooper and co-workers27 achieved the template synthesis of 15 by the 
alkylation of the intermediate 14 (Scheme 5). The template ion was subsequently 
removed with cyanide to give the macrocycle. 
Scheme 5 
7. 
NEt3 / MeOH TsO~OTs 
• • 
14 
8. 
10% NaCN 
benzene 
15 
Attention was later focused on homoleptic phosphorus systems, in particular by 
Stelzer et al. Initially, the metal ion mediated synthesis of rnacrocycles derived from 
bis(secondary phosphine) ligands 16 with dialdehydes and diketones was attempted 
(Scheme 6).28 The macrocycle obtained, 17, could not be liberated from the metal, as 
treatment with cyanide gave decomposition products. 
Scheme 6 
HPMe 
2 C 
HPMe 
2AcacH 
EtOH 
16 
Me 
HO 
HO 
70% 
17 
Later, the same group reported a ring closure by a one-pot deprotection of the 
bis(tertiary phosphine)-ketal complex 18 followed by cyclisation with the neighbouring 
bis(secondary phosphine), resulting in macrocycles of the type 19 (Scheme 7).29 These 
macrocycles, however, could not be displaced from the metals with cyanide, even at 
elevated temperatures. 
Scheme 7 
M = Ni, Pd, Pt 
m = 3, n = 2 
X = Br, CI 
R' =H,Me 
R2 = Et, C2H402 
9. 
18 19 
In later work, a coordinated bis(secondary phosphine) was reacted with 
phenyldivinylphosphine (Scheme 8).30a,b The tetraphosphines were obtained in very high 
yields by the method. However, attempts at displacing the macrocycle from the nickel 
with cyanide resulted in very stable square-pyramidal cyano nickel (II) complexes 20. 
High-dilution reactions between the free phosphines, however, resulted in polymers. 
Scheme 8 
~ R'-P, ~ 
• 
R 2Br-
rt') 
Ph-P-Nr*-- P'-R' Cf~ 
R 
R = H, Me 
R' = NEt2, Ph, O(i-Pr) 
---
20 
10. 
Another method used for the synthesis of phosphorus macrocycles involved the 
alkylation of a coordinated bis(secondary phosphine) with o-xylylene dichloride 
(Scheme 9).31 Treatment of the resulting complex 21 with cyanide liberated the 
macrocycle, which was isolated in 27.5% yield. 
Scheme 9 
HPMe 
2 C 
HPMe 
87% 
21 
Macrocycle 24 has been synthesised on a template (Scheme 10).32 This reaction 
involved the template cyclisation of 22 on nickel(ll) with o-xylylene dibromide. The 
macrocycle was liberated from the metal with aqueous cyanide. It was suggested thai the 
ease of demetallation was due to a lower a-donor capacity of the aryl-substituted 
phosphorus donors as well as the poorer fit of the seven-membered chelate ring around 
the metal.29 Interestingly, 23 reacted smoothly with benzyl bromide and methyl iodide, 
but failed to react with 1 ,3-dibromopropane. 32 
Scheme 10 
22 23 24 
Reasonably high yields of the macrocycle 25 were obtained according to 
Scheme 11, but no attempt was made to displace the tetra(tertiary phosphine) from the 
palladium.33 
Scheme 11 
1\ Me 1\ Me HPMe CP~ II) C K2PdC4 MeHP '" 21 PHMe 1) K2CO:3 2 ~ /Pd '" ~ /Pd2, 2)n 
HPMe MeHP \ __ J,PHMe X X P. p\ M/~Me 
n 
X X Yield (%) 
CCCI 1# CI 99 253 
CI~CI 95 25b 
==<=Cl 25c 40 
CI 
In another template synthesis, the phosphine-thiol 26 was used as a precursor 
for the synthesis of the mixed donor macrocycle 28 (Scheme 12).34 Platinum complex 
27 was made and the R* ,R* and R* ,S* diastereomers were isolated. Treatment of the 
(R* ,R*)-trans and (R* ,S*)-trans diastereomers of 27 with boron tribromide resulted in 
macrocycle 28 in low yield, after it was liberated from the metal with cyanide. 
Scheme 12 
OMe OMe 
Me"l..., Me"l..., Mcp 2 C:H K2PtC14 cP)/S) 1) BBr3 S) ~ ~ 2) CN -s P""", S P""", 
Me Me 
MeO 
26 27 28 
11. 
12. 
An elegant synthesis of twelve- and fifteen-membered macrocycles was 
delineated by Norman and co-workers,35a,b In their methodology, the potentially unstable 
allylphosphine and 4-phosphinobutene were separately reacted with tricarbonyl-
(mesitylene)molybdenum(O), giving the complexes 29a and 29b. Treatment of these 
complexes with the radical initiator AIBN gave a stepwise cyclisation leading to the 
coordinated tridentate macrocycle (Scheme 13). The macrocycle complexes 30a and JOb 
were extremely stable, however, and the tris(secondary phosphine) could not be 
displaced with PPh3, PF3, KeN, or P(OMe)3. When allylphosphine and 4-phosphino-
butene were separately reacted with AIBN, different products were obtained,36 
Scheme 13 
3 ~PH2 ~ ~1~p:J n ( H k P ~O(CO) + AIBN 5CU>- • fIp/' "'-PH H2P" I /PH2 V I Mo CO/' I 'co /Mo .. \"'IICO CO CO 
CO 29a :n=1 30a : n = 1 
29b :n=2 30b : n = 2 
The macrocycles described above were generated on a metal ion or atom 
template. The yields obtained were generally good, but the drawback was the inability to 
displace many of the macrocycles from the template. To circumvent this problem, another 
strategy is to use high-dilution conditions in an attempt to maximise cyclo-oligomerisation 
and to minimise polymerisation. 
An example of the use of the high-dilution method is found in the synthesis of 
the mixed oxygen-phosphorus macrocycle 31 (Scheme 14),37 Reaction between 
1,3-bis(chlorophenylphosphino)propane and triethylene glycol in tetrahydrofuran in the 
presence of triethylamine was executed at a dilution of 0.0115 mol dm-3. 
13 . 
Scheme 14 
PhC1P~PC1Ph 
High-dilution 
+ .. 
/\/\/\ HO 0 0 OH 
31 
Mixed phosphorus-sulfur 32,38 phosphorus-oxygen 33,39a-c and phosphorus-
nitrogen 34,40 macrocycles have also been prepared by this method (Scheme 15). The 
phosphorus-sulfur macrocycle was synthesised in a one-pot reaction between equimolar 
quantities of dilithium 1,2-bis(phenylphosphido)ethane and bis(2-chloroethyl)sulfide. 
Most of the product was polymeric in nature, but the required macrocycle was isolated in 
ca 14% yield after extensive fractional crystallisations and ion-exchange chromatography 
of its nickel complex. All of the possible five diastereomers of the complex were isolated 
and the separation was monitored by 31p(lH} NMR spectroscopy. The same strategy 
was applied to mixed phosphorus-oxygen39a-c and phosphorus-nitrogen macrocycles.40 
Scheme 15 
Ph 
I 
2 CPLi 
PLi 
I 
Ph 
+ 
r El 
PhP PPh 
... C J 
PhP PPh 
~E~ 
32 : E = S 14% 
33 : E = 0 12% 
34 : E = NR 
A group headed by Kyba has been prolific in the area of high-dilution 
phosphorus macrocycle synthesis. They have frequently employed the more rigid 
o-phenylene backbone in their work. For example, tetradentate macrocycles 35a-<l were 
14. 
synthesised in boiling TIIF under high-dilution conditions, in yields of 11-42% (Scheme 
16).41a-c 
Scheme 16 
L~ 
C(XLi I + 
§ XLi 
Y)) 1# 
Y 
~ 
L = CI, OMs, OH 
x Y Yi~ld (%) 
35a : PPh PPh 11-25 
35b : PPh S 15-18 
35c : PPh NMe 18 
35d : PPh 0 42 
Similarly, eleven-membered tridentate macrocycles with a rigid o-phenylene 
backbone were synthesised under high-dilution conditions. The yields for the 
macrocycles 36a-f were quite good (Scheme 17).42a-g 
Scheme 17 
0(XM 
~ + 
§ XM 
M=Li 
L = Br, CI 
0(xl) 
~x~ 
x 
36a : PPh 
36b: PPh 
36c : PPh 
36d: PPh 
36e : PPh 
36f : PPh 
Y Yield (%) 
PPh 34 
S 51 
o 32 
NMe 42 
NPh 56 
CH2 42 
A rather ingeneous approach to tetrad en tate phosphorus macrocycles was 
introduced by Homer et al. 14 ,21 wherein the propensity of tertiary phosphines to form 
phosphonium salts was exploited (Scheme 18). The phosphonium salts 37a, 7, and 37b 
were prepared by this method. Although formed in low yield, the phosphonium salts 
were converted to the corresponding tetra(tertiary phosphines) 38a, 38b, and 38c in 
high yield by treatment with lithium aluminum hydride. 
Scheme 18 
+ + 
Bn2P- (CH2hn - PBn2 BnP- (CH2hn -PBn 
15. 
+ 
I I U~4 I I 
--_. (CH21t (CHvn -----. (CHvn (CHvn 
I I I I 
Bn2P- (CH2)m -PB~ BnP- (CH2)m -PBn 
+ + 
37a : n = 3, m = 3 9% 
7 : n = 4, m = 3 11 % 
37 b : n = 4, m = 4 7% 
38a : n = 3, m = 3 85% 
38b:n=4,m=3 77% 
38 c : n = 4, m = 4 89% 
1.5 Medium-Sized Rin~s 
The available homoleptic phosphorus macrocycles include eleven- to the flfteen-
membered ring systems with denticities of three or four. A disconcerting vacuum exists in 
the area of medium 7-9-membered macrocycles containing phosphorus. On the other 
hand, nitrogen macrocycles in this category include 1,4,7 -triazacyclononane 39,43a-b and 
the N-methylated derivative 40.44 Syntheses of the two compounds are shown below in 
Scheme 19. 
Scheme 19 
Ts 
[~a TsO~OTs HBr 
Ts-N 
~NNa I DMF N N 110 "C Ts/ "--I "Ts 
Ts 
96% 84% 
39 
16. 
H Me 
~N) HC02H ~N) 
• 
HN NH 0 MeN NMe 
~ H~H ~ 
40 
Numerous studies of the structural, electrochemical, and coordinating properties 
of 1,4,7-triazacyclononane and the N-methylated derivative have been carried out.45a-h.k,1 
These nine-membered macrocycles form thermodynamically and kinetically stable 
complexes with certain main group elements and most transition metals.46 The 
macrocycles form stereochemically rigid face-capped octahedral complexes of high 
symmetry which have good crystallisation characteristics. This is frequently not true for 
complexes of larger rings. Hence, the triazacyclononanes acts as an inert shield on a face 
of an octahedral coordination complex allowing redox reactions at the metal centre as well 
as reactions on the remaining coordination sites without the possibility of the 
triazacyclononane being displaced from the metal. 
The sulfur analogue, 1,4,7-trithiacyclononane (41), has also been synthesised 
(Scheme 20).47 Advances in trithiacyclononane coordination chemistry has been as 
impressive as for the nitrogen analogue.48 In spite of the structural similarity between the 
sulfur and nitrogen macrocycles, however, the behavior of the sulfur compound is quite 
different. 1,4,7-Trithiacyclononane exhibits a preference for 'soft' metal ions in low 
oxidation states. In other words, like the phosphines, the sulfur donor can accept electron 
density from the metal through unfilled antibonding orbitals on the sulfur. In addition, the 
trithiacyclononane-metal complexes display unusual optical and redox properties due the 
the geometric deformations imposed by the macrocycle on the meta1.48a-e,h.k-o,49a-d 
17. 
Scheme 20 
Cl~Cl 
50% 
41 
1.6 This Work 
In view of the enonnous significance and industrial importance of tertiary 
phosphines, as well as the special characteristics and behaviour of triaza- and trithia-
cyclononane macrocycles, a triphosphacyclononane was considered to be an appropriate 
synthetic target molecule. Both sulfur and phosphorus are considered as soft donors and 
it is generally accepted that sulfur exhibits weaker O'-donation and lr-acceptor 
characteristics than phosphorus. This disadvantage is translated back to the synthesis of 
trithiacyclononane-metal complexes where the sulfur macrocycle often fails to compete 
with good donor solvents. Such difficulty would not be anticipated for the 
triphosphacyclononane macrocycles. A complication with P-substituted 
triphosphacyclononanes is that cis and trans diastereomers, 42a and 42b, are possible. 
The cis fonn 42b is the only viable diastereomer for facial-coordination in octahedral 
complexes. The two diastereomers are expected to be configurationally stable due to the 
relatively high barrier of inversion of tertiary phosphines (ca. 120--160 kJ mol-1 ).50 
R R 
- , Ph -
-
~p) ~p) ~p) 
~P~P, ~P~P, PhP~PPh R R R R 
trans- ClS-
42a 42b 43 
18. 
In this work, several approaches to the synthesis of 1,4,7-triphenyl-l,4,7-
triphosphacyc1ononane (43) were explored. Chapter 2 deals with cyc1isation attempts 
involving high-dilution techniques with appropriate precursors. Chapter 3 deals with the 
metal template approach towards 43. Chapter 4 explores a fresh approach, namely, the 
cyc1o-oligomerisation of 3- and 4-membered phosphorus heterocycles. 
CHAPTER 2 
ApPROACHES TO THE 
TRIPHOSPHACYCLONONANE FROM 
POLYDENTATEPRECURSORS 
"Promovieren soil kein Vergniigen sein!" 
-anonym. 
.......... 
20. 
2.1 Introduction 
As delineated in the Introduction, there are two basic approaches that can be 
applied to the synthesis of phosphorus macrocycles. In this Chapter, the high-dilution 
approach will be applied to the synthesis of 1,4,7 -triphenyl-l ,4,7 -triphosphacyclononane 
(43). The backbone of the triphosphacyclononane consists of three phosphorus atoms 
separated by ethylene groups. Two different approaches involving polydentate precursors 
were envisaged. The first involved the condensation of a linear bis(phosphine) with a 
unidentate phosphine (2P + P approach). The next approach involves the bridging by an 
ethylene group of the terminal phosphorus atoms of a linear tridentate phosphine 
precursor (3P approach). Both approaches require two new bonds to complete the cycle, 
thus there is no enthalpic advantage in choosing either approach. Entropically, both 
approaches are equal since in each case two separate entities are required to form the 
macrocycle. The two approaches are depicted schematically in Scheme 21. 
Scheme 21 
2P + P (P~ P~ P 
3P 
+ 
S : Bond fonnation 
S~heme 21. Schematic approaches towards the synthesis of 1,4,7-triphenyI-l ,4,7-
tnphosphacycIononane. 
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2.2 2 P + P Approach: Bidentate-Unidentate Condensation 
2.2.1 Bis(secondary phosphine) plus a unidentate tertiary phosphine 
Bond fonnation between phosphorus and carbon can be achieved in many 
ways.51 One of the more facile routes is nucleophilic displacement of halide from an alkyl 
halide by phosphide.52,53,54 However, a halogen-metal exchange instead of an SN2 
displacement may complicate matters in certain reactions. 55 An alternative P-C bond 
forming reaction is the addition of a primary or secondary phosphine to an olefin. The 
Michael-type addition can be base-catalysed,56,57,58 or initiated by free-radicals.59 In 
general, the Michael-type additions are cleaner and afford products in higher yields. A 
double Michael addition between phenyldivinylphosphine and bis(1,2-phenylphosphino)-
ethane is therefore a potentially attractive route to the desired macrocycle, as shown in 
Scheme 22. 
Scheme 22 
c
PHPh 
PHPh 
+ 
\ 
P-Ph 
/ 
43 
The bis(1,2-phenylphosphino)ethane was synthesised according to the literature 
method.60,61 Phenyldivinylphosphine was synthesized as reported by Maier and 
co-workers in 6% yield.62 In our hands, the yield was improved to 50% by carrying out 
the initial addition of the dichlorophenylphosphine to vinylmagnesium bromide at -78 °C 
and allowing the mixture to warm slowly to room temperature (18 h). 
Condensation of equimolar quantities of bis( 1 ,2-phenylphosphino )ethane and 
phenyldivinylphosphine with a trace of 2,2'-azobis(isobutyronitrile) (AlliN) without 
solvent, as recommended by Meek,63 gave a glassy product, which lacked the intense 
22. 
odour of the free phosphines. Examination of the 31 P { 1 H}, 13C { 1 H}, and 1 H NMR 
spectra of the product indicated extensive fonnation of polymers and oligomers. The 
peaks in each case were broad and uninfonnative and thin layer chromatography (TLC) in 
various solvents showed a continuous streak. The base-catalysed reaction of the 
phosphines with KOBu t in benzeneS7 appeared to give an identical product to that 
obtained from the free-radical initiated reaction. 
The main feature of the 31 P { 1 H} NMR spectrum of the product in each case was 
a broad peak at -16.5 ppm. A much smaller peak was evident at -27 ppm. Radial 
chromatography of the product with 20% ethyl acetate-petroleum ether (bp 60-80 °C) as 
eluant gave several fractions. The first fraction had an Rf 0.7 on the thin layer plate and 
probably consisted of lower molecular weight oligomers and polymers. The 31 P { 1 H} 
NMR spectrum of this fraction contained 3 peaks at -15.4, -27.2, and -27.5 ppm. The 
low field peak was probably due to some of the longer chain polymers. The main interest 
in this fraction arose as a result of the mass spectrum (Figure 1). Although of low 
intensity, a peak at m/e 408 a.m.u. was evident, which could be attributed to the desired 
triphosphacyclononane 43. Another peak at m/e 456 a.m.u. corresponded to the trioxide 
of the macrocycle. 
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Figure 1. Mass spectrum of crude product containing 43. 
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The 31p{ IH} NMR signal at -16.5 ppm is unusual compared to other polymeric 
phosphines. No data are available on poly(1-phenylphosphinoethylene), but Saegusa and 
co-workers64 have prepared poly(1-phenylphosphinopropylene), which contains a signal 
at - 26.8 ppm in the 31 P {I H} NMR spctrum. No attempt was made to establish the mean 
molecular weight of the polymer obtained in our case. 
2.2 .2 Bis(vinyl phosphine) plus a primary phosphine 
Without altering the mode of P- C bond formation (Michael addition), the 
approach shown in Scheme 23 was considered. The divinylphosphine 44, can be 
prepared as shown in Scheme 24. 
24. 
Scheme 23 
/ 
PhP 
C + 
PhP\ 
44 43 
Scheme 24 
/ 
PhPLi PhP 
C + 2 Br \ C 
PhPLi PhP\ 
45 44 
The preparation of bis(vinyl phosphine) 44 relies on a double displacement of 
bromide from vinyl bromide by the bis(phosphide) 45. Aguiar and co-workers65 have 
investigated the reactions of lithium diphenylphosphide with olefinic halides. They 
showed that the reaction proceeded with retention of stereochemistry65 and that an 
olefinic bromide or chloride could be used as the substrate.66 Although most of the work 
was performed on olefinic halides such as cisltrans-1 ,2-dichloroethenes and 
cisltrans-!3-bromostyrenes, it was felt that vinyl bromide would be a suitable substrate. 
Thus, bis(1 ,2-phenylphosphino )ethane was prepared by literature methods60,61 and 
treated in THF at -78°C with 2.2 equiv. n-BuLi, giving a bright yellow solution of the 
bis(phosphide) 45. No colour change was observed during the addition of vinyl bromide 
to the solution of phosphide. When the reaction mixture was allowed to warm, however, 
there was a rapid decolourisation of the phosphide solution followed by precipitation of a 
white solid. 
The 31p{ IH} NMR spectrum of the product contained two sharp singlets at 
-27.2 and -27.6 ppm. A much broader peak at -16.7 ppm was also evident, which could 
........ 
be attributed to poly(1-phenylphosphinoethylene). The mass spectrum of the product 
contained an intense peak at mle 272.1 a.m.u. and the microanalytical data were 
consistent with the empirical formula (C8H9P)n. The colourless solid, which 
corresponded to a yield of 93%, was subsequently identified as 1 ,4-diphenyl-1 ,4-
25 . 
diphosphorinane, 46, which exists as cis and trans isomers. None of the anticipated vinyl 
product 44 was obtained. 
Scheme 25 
Ph 
PhP - Li+ (Br CP1 C + + I .. + LiBr 
PhP - Li PhP-
Ph H 
Br (p) C~~~(~ .. + 
" 
+ LiBr 
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Ph H 
PhP --.J 46 
The proposed mechanism for the formation of the phosphorinane is given in 
Scheme 25. As indicated, the source of protons can only be from vinyl bromide, which 
was in excess. This route to the synthesis of 46 appears to be the best available. Mann 
and co-workers67 have employed a rather cumbersome approach using phosphonium 
intermediates, which gave crude yields of 48%. Issleib et al. reported the reaction 
between the bis(phosphide) 45 and 1 ,2-dichloroethane in diethyl ether, which gave a 
yield of 46%,68 and later, a yield of 760/0 was reported for the reaction of the analogous 
sodium salt in ammonia.69 Nevertheless, Gallagher and co-workers 70 have reported that 
the alkylation of diphosphides with 1,2-dihaloethanes gives variable 5-30% yields with 
polymeric by-products. 
2.3 3 P Approach: Intramolecular Cyclisation of a Linear Tridentate Phosphine 
In this section, attention will be focused on attempts at forming the triphospha-
cyclononane from a linear tridentate precursor. The advantage of this method is that all the 
26. 
phosphorus atoms are present at the outset. The essential requirement lies in the choice of 
the substituents on the terminal phosphorus atoms. Since the target is the triphenyl 
substituted macrocycle, the triphosphine must have at least one phenyl substituent on each 
phosphorus atom. In a recent review of polydentate phosphines, numerous polydentate 
phosphines with various chain lengths and substituents are listed,71 including bis[2-
(diphenylphosphino )ethylJphenylphosphine (47). 
Ph 
=====:>, [P] 
43 47 
The tri(tertiary phosphine) 47 was frrst synthesised in 16% yield.72 In a later 
synthesis involving the base-catalysed addition of phenylphosphine to diphenylvinyl-
phosphine an impressive 87% yield of 47 was obtained.57 The triphosphine can also be 
obtained by the addition of diphenylphosphine to phenyldivinylphosphine (Scheme 26). 
Scheme 26 
Ph 
P (') 
+ + 
47 
The diphenylphosphine,73 phenyldivinylphosphine,62 phenylphosphine,74 and 
diphenylvinylphosphine,75 were prepared according to literature methods. We found that 
both routes indicated in Scheme 26 were efficient as long as KOBut was used. 
Furthennore, it was found that crude undistilled vinylphosphines could be used as any 
impurities were easily separated during the recrystallisation of the crude 47. 
27. 
Removal of a phenyl substituent from each of the terminal phosphorus atoms of 
47 and replacing them with hydrogen atoms would give the bis(secondary phosphine) 
48, for subsequent cyclisation (Scheme 27). 
Scheme 27 
47 48 
Two patents were found in Chemical Abstracts indicating the use of 
bis[2-(phenylphosphino )ethyl]phenylphosphine, 48.76 Although both patents indicated 
the bis(secondary phosphine) was used, there was no procedure given for its preparation. 
Cleavage of aromatic groups from aromatic phosphines like PPh3 can easily be achieved 
with lithium in tetrahydrofuran 77 and sodium or lithium in liquid ammonia,72 or 
potassium in dioxane.78 Similarly, (arylb-n(alkyl)nP (n = 1,2) are cleaved at the CaryI-P 
bond to give LiP(aryl)2-n(alkyl)n and aryllithium.79 More importantly, phenyl substituted 
diphosphines are cleaved by sodium or lithium in ammonia or tetrahydrofuran giving 
MPhP(CH2)nPPhM.61 The bis(secondary phosphines) were then obtained by aqueous 
work-up of the dianions. 
Treatment of 47 with 4 equiv. lithium in tetrahydrofuran at room temperature 
gave the burgundy-red coloured solution of the terminal bis(phosphide) 49 after a short 
period of induction. The induction period was variable and seemed to depend upon the 
quantity of 47 used. Small amounts of 47 « 3 g) could take 30 min before initiating and 
occasionally initiation did not occur at all. Such erratic behavior has been observed 
previously for certain bis(tertiary phosphines).60 When large scale reactions are carried 
out, however, the success rate is greater. Another feature of this reaction is the long 
l 
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reaction times required for completion (18-24 h). The progress of the reaction can be 
monitored by 31p( IH} NMR spectroscopy; pure 47 exhibits a doublet at -12.64 ppm 
and a triplet at -16.33 ppm. As the bis(phosphide) is fonned, a doublet at -47.6 and a 
triplet at -21.6 ppm appears. The upfield shift of the central and tenninal phosphorus 
resonances of the bis(phosphide) 49 (compared to 47) contravenes the general trend 
found in the 31 P ( 1 H} NMR spectra of ary lphosphides where a downfield shift is usually 
found for arylphosphides with respect to the corresponding arylphosphines.80 The 13Jppl 
coupling constant also increases from 30 Hz for 47 to 52 Hz for the bis(phosphide) 49. 
Attempts to expedite the reaction by heating the mixture under reflux tended to result in 
additional cleavage of the phenyl group from the central phosphorus, giving 50. Similar 
results were obtained when more than 4 equiv. lithium were used, even at room 
temperature. 
50 
The 31 P { 1 H} NMR spectrum of the bis(phosphide) 49 in tetrahydrofuran also contains 
a sharp singlet at - 59.6 ppm. This was due to PhP(Li)CH2CH2P(Li)Ph which was reported at _ 
61.9 ppm.60 Upon aqueous work-up, the corresponding rac- and meso-
bis(phenylphosphino)ethane appeared and was identified by the peaks at -46.3 and 46.5 in the 
31p{ IH} NMR spectrum. This was reported at -48.7 and -48.9.60 Apart from the desired 
bis[2-(phenylphosphino)ethyl]phenylphosphine (48), a small quantity of diphenylphosphine was 
identified by the singlet at - 39 ppm in the 31p( IH} NMR spectrum. A value of -36 ppm has 
been reported for Ph2PLi in diethyl ether,81 and values of - 19.2 and -26.1 ppm have been 
reported for the compound in tetrahydrofuran.81 In the mixture of phosphides, the 31p( IH } 
NMR spectrum of Ph2PLi may have been masked by the central P triplet. 
......... 
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Aqueous work -up of the solution of phosphides gave a mixture of secondary 
phosphines (Scheme 28). The crude yield was in excess of 90%. Attempts at separating 
the diphenylphosphine from 48 by column chromatography were unsuccessful. 
Attempted vacuum distillation of the phosphines also met with limited success as 48 was 
a very poor distiller and tended to decompose above 200 DC. Eventually, it was decided to 
use the crude 48 since contamination by Ph2PH was only ca. 5% by integration of the 
relevant peaks in the 31p{ IH} NMR spectrum. 
Scheme 28 
Ph Ph 
PhPjPlpPh Li / THF fP\ .- + Ph2PLi RT PhPLi LiPPh 2 2 
47 49 
Ph 
H+ 
rP'l .. + Ph2PH 
PhPH HPPh 
48 
Triphosphine 47, is an achiral molecule having C2v symmetry. When converted 
to the bis(secondary phosphine) 48, however, two new stereocentres are created at the 
terminal phosphorus atoms. The central phosphorus, although connected to two 
stereocentres and three non equivalent groups (including the lone pair), is considered to 
be pseudoasymmetric.82 Thus, one racemic (R*,R*) and two meso (R*,S*) 
diastereomers are expected for 48 (Figure 2). 
l. 
Ph 
I 
= w:~ 
Ph"-p.. fI H 
Ph 
I 
Ph/~I>h H)~ ~rH 
(R* ,S*)-syn 
R*,R* 
(R* ,S*)-anti 
Figure 2. R*,R* and R*,S* diastereomers of 48. 
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The 31p{ IH} NMR spectrum of 48 appears complicated at first sight, but it ·can 
be rationalised as follows. The signal for the central phosphorus appears as a septuplet at 
80.97 MHz. On an instrument operating at 121.42 MHz the signal appears as three 
triplets. One triplet can be assigned to the central phosphorus of the R* ,R* diastereomer 
while the other two triplets belong to the (R* ,S*)-syn and -anti diastereomers where the 
descriptor syn and anti refer to the disposition of the terminal phenyls with respect to the 
phenyl on the central phosphorus in the conformation drawn in Figure 2. The terminal 
phosphorus signal can also be assigned by inspection. As expected there are two doublets 
for the R*,R* diastereomer (one for each terminal phosphorus) and one doublet each for 
the (R* ,S*)-syn and the (R* ,S*)-anti forms of the diastereomer. All signals were 
identified in the 31p{ IH} NMR spectrum of the crude bis(secondary phosphine) 48 
(Figure 3). 
....... 
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Figure 3. 31p{ IH} NMR spectrum of 48: (a), central phosphorus region; 
(b), terminal phosphorus region. 
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In view of the time required to cleave the phenyl groups with lithium in 
tetrahydrofuran, we explored the use of sodium in liquid ammonia.72 Treatment of 47 
with 4 equiv. sodium in liquid ammonia gave the distinctive orange colour of the sodium 
phosphide, immediately. Unfortunately, due to use of liquid ammonia, there was no easy 
way of monitoring the reaction. The only method was to subject the mixture to aqueous 
work-up and to analyse the products. After some trial-and-error, it was discovered that it 
took ca. 30 min to consume 0.5 g of 47. The bis(secondary phosphine) obtained by 
sodium in liquid ammonia was spectroscopically similar to the phosphine obtained by the 
lithium in tetrahydrofuran route. Occasionally, bis[2-(phenylphosphino)ethyl]phosphine, 
50, was identified in the crude mixture after aqueous work-up. This occurred even when a 
stoichiometric amount of sodium (4 equiv.) was used. The higher reactivity of sodium in 
ammonia is apparently coupled to a reduced regioselectivity in the reaction. 
2.3.1 Cyclisation attempts of bis(phosphide) 49 with dihaloethane 
Elaboration of the linear bis(secondary phosphine) 48 into the desired 
triphosphacyclononane requires the alkylation of the terminal phosphine groups. An 
obvious approach would be to bridge the tenninal secondary phosphines by fITst 
converting them into phosphides and then adding I,2-dihaloethane.83 For example, 
reaction of bis(phosphides) of methylenebis(phenylphosphine) with a,w-dihaloalkanes 
gave cyclic I,3-diphosphacycles (Scheme 29).84 
Scheme 29 
PhLiP~PLiPh + 
Another example of macrocyclic ring formation by this approach is found in the 
syntheses under high-dilution of II-membered phosphorus tridentates (Scheme I7).42a-g 
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The generation of the sodium salt of 49 was perfonned as previously described. 
Since the reaction generated 2 equiv. phenyl sodium, this had to be destroyed in order to 
avoid complications in the following alkylation. It is known that phenyllithium produced 
in the reaction of triphenylphosphine with lithium in tetrahydrofuran can be decomposed 
by adding an equivalent quantity of t-butyl chloride.85 Phenyllithium being the stronger 
base,86 reacts with t-butyl chloride to give isobutylene and lithium chloride (Scheme 30). 
The procedure is apparently applicable to the decomposition of metal-aryls in general. 
Scheme 30 
PhLi + (CH3hCCI 
------. (CH3hC=CH2 + LiCI + PhH 
Thus, after formation of the sodium bis(phosphide) of 49, 2 equiv. t-butyl 
chloride were added, followed by 1,2-dichloroethane (1 equiv.) in tetrahydrofuran. The 
reaction was carried out under high-dilution conditions. The bright orange colour of the 
phosphide disappeared over 4 h and the reaction mixture became turbid. Aqueous work-
up removed the salts and an oil was isolated. The 31 P {1 H} NMR spectrum of the oil 
contained a broad peak at -16.6 ppm and two sharp singlets at -12.3 and -12.7 ppm. 
The peak at -16.5 ppm was identified as poly(1-phenylphosphinoethylene) (see above) . 
The TLC of the product gave a series of spots which streaked on the plate. Radial 
chromatography of the product in order to separate the lower chain oligomers, followed 
by mass spectral examination of the fractions indicated oligomeric oxides. None of the 
fractions showed a peak at m/e 408 a.m.u. corresponding to the desired triphosphacyclo-
nonane. Similar results were obtained when ethanediyl-l ,2-bis(methanesulfonate) was 
employed as the alkylating agent. 
The difficulties experienced in synthesising the triphosphacyclononane are 
reminiscent of those encountered in early work on the synthesis of 1,4,7 -trithiacyclo-
nonane 41, where, even under high-dilution conditions, polymerisation was by far the 
most significant outcome of the reaction.87,88,89 Cyclisation was eventually achieved 
when cesium carbonate was employed in the reaction, an innovation introduced by 
34 . 
Kellogg and co-workers.90,91 One explanation of the significance of the CS2CO:3 was that 
a weak ion-pairing between the cesium ions and the thiolate occurred,92,93 which 
favoured intramolecular cyclisation of the intermediate 51 (Scheme 31).47 Of all the metal 
ions tried, Li+, Na+, K+, Rb+, and Cs+, Cs+ gave the best results.91 
Scheme 31 
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S .. S + H2C03 .. ~SH DMF ~S--cs+ - CsC} 
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The addition of cesium chloride or cesium triflate to our reaction mixtures, 
however, did not improve the outcome. 
The generation of the bis(phosphide) from 47 by using lithium in 
tetrahydrofuran was considered earlier. There are some minor drawbacks to the use of 
this reagent however, which include; the long reaction times required to generate the 
phosphide, and, the erratic nature of the initiation. The more serious second impediment 
can be overcome by working on a relatively large scale (> 109), but this poses a 
dilemma. Since the cyc1isation must be carried out under high-dilution conditions « 
0.002 mol dm-3) in order to avoid polymerisation, the alkylation of ca. 10 g of phosphide 
would require a volume of ca. 141 of solvent. It was decided to prepare the bis(secondary 
phosphine) 48 by treatment of 47 with lithium in tetrahydrofuran, followed by aqueous 
work-up. Then, convenient amounts of bis(secondary phosphine) could be converted into 
the corresponding bis(phosphide) 49 by treatment with 2 equiv. n-BuLi. An advantage of 
this approach is that different counterions can be introduced by appropriate choice of 
35 . 
base. It was also decided that alternate addition of base and alkylating agent could favour 
the cyclised product, especially under high-dilution conditions (Scheme 32). With n-BuLi 
as the base and 1,2-dichloroethane as the alkylating agent, however, polymerisation was 
still favoured, along with some of the monoalkylated product 
Scheme 32 
n-BuLi 
48 
Cl~Cl n-BuLi 
~ 
The introduction of cesium ions was considered earlier as a possible method of 
promoting cyclisation in the synthesis of the triphosphacyclononane. Thus, cesium n-
butoxide was used to generate the cesium bis(phosphide). The bis(phosphide) was 
formed, as indicated by the colour of the reaction mixture, but the colour was weaker 
when compared to that obtained with the use of n-BuLi. Cesium n-butoxide is a weaker 
base (pKa ca. 16.5)94 than n-BuLi (pKa > 50).95 Nevertheless, 1,2-dichloroethane was 
added under high-dilution conditions and it was hoped that the cesium phosphide 
consumed by alkylation would push the equilibrium towards the formation of more 
phosphide. Work-up of the reaction, however, gave a similar mixture of products to that 
obtained in the absence of cesium. 
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Attempts so far have involved the use of different metal phosphides under 
high-dilution. Intuitively, it was felt that a dication from Group II would obviate the need 
for high-dilution and promote cyclisation, especially if the doubly charged cation ion-
paired with a single bis(phosphide). A magnesium reagent for example, would need to be 
a strong base in order to generate the required bis(phosphide) from the bis(secondary 
phosphine) 48. Magnesium dialkyls were considered as potential reagents for this 
reason. Magnesium dialkyls have previously been used to react with various Br~nsted 
acids, including n-BuCCH, HC6Fs, and HOR, to give (n-BuCC)2Mg, Mg(C6FS)2, or 
Mg(OR)2, respectively.96,97 Magnesium dialkyls like Me2Mg and Et2Mg are dimeric or 
oligomeric in solvents such as diethyl ether.98 However, oligomeric and dimeric 
magnesium alkyls are relatively weak bases compared to the monomers.99 One strategy 
employed to 'solubilise' magnesium alkyls is to use strong-donor solvents, such as 
tetrahydrofuran, for example, which favours the monomers.98 
Magnesium dialkyls can be prepared on a moderate scale by the addition of 
dioxane to the appropriate Grignard reagent, 100 followed by the removal of the 
magnesium halide-dioxane complex. lOl The equilibrium, as ascribed to Schlenk, 102 lies 
strongly to the right on the addition of dioxane (Scheme 33). 
Scheme 33 
2 RMgX + dioxane 
---
+ 
Accordingly, MgEt2 was prepared and used as the base (l equiv.) with 1 equiv. 
of the bis(secondary phosphine) 48 in tetrahydrofuran followed by the addition of 
dihaloalkane. The bis(secondary phosphine) was recovered unchanged after hydrolysis of 
the reaction mixture. When the mixture of diethylmagnesium and bis(secondary 
phosphine) was heated under reflux before the alkylaring agent was added, the result was 
polymer formation. On addition of the magnesium diethyl to the bis(secondary 
phosphine) only a slight colour change occurred, an indication that very little phosphide 
had been generated. 
37. 
2.3.2 Cyclisation attempts ofbis(phosphide) 49 with vinyl bromide and allyl bromide 
The serendipitious discovery of the high yielding reaction of the bis(phosphide) 
45 with excess vinyl bromide giving cisltrans-1 ,4-diphenyl-1 ,4-diphosphorinane in high 
yield prompted us to use vinyl bromide as the alkylating agent for the bis(secondary 
phosphine) 48 (Scheme 34). 
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When this approach was extended to the bis(secondary phosphine) 48, 
however, the now familiar peak in the 31p{ IH} NMR spectrum at -16.5 ppm due to 
poly(l-phenylphosphinoethylene), dominated the spectrum. 
An attempt was then made to isolate the intermediate vinyl phosphine 52. For 
this purpose n-BuLi (1 equiv.) was added to the bis(secondary phosphine) 48, and the 
bis(phosphide) was subsequently treated with vinyl bromide. After aqueous work-up, the 
product was found to consist predominantly of unreacted starting material and polymers. 
The IH NMR spectrum indicated very few, if any, vinyl protons in the range 5.5-6.5 
ppm. 
52 
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Allyl bromide was also considered as a potential alkylating agent. Depending on 
whether the Michael-type addition gives rise to Markovnikov or anti-Markovnikov type 
products, allyl bromide can act as a 2- or 3-carbon bridging unit, as indicated in Scheme 
35. 
Scheme 35 
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The monophosphide of 48 was formed by the addition of 1 equiv. potassium 
methylsulfinyl (dimsyl).103 When allyl bromide was added to the solution, the deep red 
colour of the potassium phosphide disappeared rapidly. The products obtained, however, 
were the starting material and polymers. 
2.3.3 Cyclisation attempts of bis(secondary phosphine) 48 via phosphonium 
intermediates 
Yet another P-C bond forming reaction involves the use of a phosphine to form 
phosphonium salts. 104 These reactions depend upon the nuc1eophilicity of the phosphine, 
which decreases from tertiary, to secondary, to primary phosphines. Macrocyc1ic 
phosphonium intermediates have been previously used by Homer and co-workers14,21 to 
synthesise macrocyclic tertiary phosphines, as indicated in Scheme 18. 
Scheme 36 
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53 
Therefore, it was anticipated that the phosphonium macrocycle 53 (Scheme 36) 
might be formed from 1,2-dibromoethane and 48. The reaction of 48 with neat 
1,2-dibromoethane at 100 °C gave a colourless crystalline solid. This product was quite 
likely polymeric since the 31p(lH} NMR spectrum contained peaks in the phosphonium 
region (5-30 ppm) and broad peaks in the tertiary phosphine region (-5 to -40 ppm). A 
repetition of the quatemisation as described in the literature with 2 equiv. 1,2-dibromo-
ethane in acetonitrile105 gave similar results. 
2.4 Conclusions 
The attempted synthesis of 1,4,7-triphenyl-l,4,7-triphosphacyclononane by a 
variety of routes has been unsuccessful. The synthesis of medium-sized rings (8- to 
II-membered) has always presented difficulties. 106,107 Nevertheless, high-dilution 
techniques have previously been successfully applied to the syntheses of several 
phosphorus containing macrocycles.41 ,42 Under high-dilution conditions, intramolecular 
reactions are favoured over intermolecular reactions since the rate of intramolecular 
cyclisation is proportional to the ftrst power of substrate concentration, while in an 
intermolecular cyclisation the rate is dependent upon the square of the concentration of the 
substrate. 108 Experimentally convenient concentrations for high-dilution cyclisations are 
of the order of 0.01-0.02 mol dm-3,41,42 but in the case of the attempts at cyclising 
bis(secondary phosphine) 48, concentrations of as low as 0.004 mol dm-3 did not yield 
any cyclised products. 
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CHAPTER 3 
TEMPLATE MEDIATED CYCLISA TION OF 
POL YDENT ATE PHOSPHINES 
"The chemist has materials, an imperfect knowledge of their possibilities 
and limitations, and an opponent - the truth - who sometimes changes 
during the work into a teacher and friend." 
-Sir John Warcup Cornforth 
(1992) 
41. 
3.1 Introduction 
In the previous chapter, attempted syntheses of free 1,4,7 -triphenyl-1 ,4,7-
triphosphacyclononane were described. The difficulties experienced can be attributed to 
the high entropy of formation of 9-membered rings. Template-mediated syntheses have 
long been used to facilitate the syntheses of macrocycles, especially when direct routes 
fail or give low yields. An early example of the use of a metal template is the facilitation 
of the Schiff-base condensation between acetone and ethylenediamine to give the 
macrocycle 54 (Scheme 37).25a Another dramatic example is the synthesis of the 
macrobicyclic complex 55 in 74% yield from ethylenediamine, formaldehyde, ammonia, 
and lithium carbonate in the presence of the cobalt(llI) ion. 109 
Scheme 37 
H2f\ 0 yy )l H2~ j /NH2 N NH Me Me ()(+ J ( Ni 2+ .. H2/ 1 "--- NH2 HN N H2NJ ~ 
54 
0 Ir~ ()NH2Y) H~H HN NH? {~ ... C ~{~ J NH3/ Li2C03 
NH2 NH2 H2N HN NH NH 
~~~ 
55 
Template mediated syntheses have also been used for the syntheses of 
phosphorus macrocycles. Major contributions to this area have been made by Stelzer,28-
31 Rosen,32 Meek,26 Norman,35a,b Vincens,33 Wild ,34 and their co-workers. A major 
. -
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drawback with the use of metal ions in the syntheses of phosphorus macrocycles, 
however, is the difficulty of recovering the macrocycle from the metal complex.35,110 
A template synthesis of the triphosphacyclononane would eliminate the 
following two factors that apparently plagued the free macrocycle syntheses: (a), rigid 
coordination of the precursor phosphines would reduce conformational changes in 
solution and, in suitable systems, would bring together the terminal phosphorus groups 
for ring-closing reactions; and (b), coordination of the lone pairs on the phosphorus 
atoms would prevent oxidation of the phosphines. 
The choice of an appropriate metal for the template is critical since phosphines 
are powerful donors to transition metals, 111 and displacement of product macrocycle would 
be difficult. For example, bidentates and multidentate phosphine displacements with 
cyanide have been achieved with considerable difficulty.112 In the case of phosphorus 
macrocycles, removal from some metals have been impossible.30,35 Phosphines 
containing aryl substituents l13,114 and poorly fitting phosphines have been displaced by 
treatment of the complexes with cyanide, however. 
In metal template syntheses, geometric considerations are allied to the 
coordination number of the metal. Suitable geometries for the template synthesis of the 
triphosphacyclononane are tetrahedral, trigonal bipyramid, or octahedral. Facial 
coordination of the phosphine precursor will be required for the synthesis of the 
9-membered ring. 
T-4 
L 
TB-5 OC-6 
............ 
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3.2 Metal Template Synthesis of 1,4,7-Triphenyl-1.4,7 -triphosphacyc1ononane 
For a face-capping tridentate, the approach required an octahedral, tetrahedral, or 
pseudotetrahedral metal template with one site blocked by an appropriate group. A 
suitable template would be (1Js-CsHs)Fe(ll)+, depicted as XM in Figure 4. The following 
two strategies were considered appropriate for the synthesis of the macrocyc1e. 
x x 
(A) (B) 
Figure 4. Two approaches to the template cyc1isation of 43. 
Approach (A) requires a precursor in the form of a suitably substituted tridentate 
phosphine. For this purpose, bis[(2-phenylphosphino)ethyl]phenylphosphine, 48, 
would be appropriate. The cyclisation requires the bridging of the terminal phosphorus 
atoms with 1,2-dihaloethane. For approach (B), suitable phosphines would be 
1 ,2-bis(phenylphosphino )ethane and phenyldivinylphosphine, where a double Michael 
addition would result in the desired macrocycle. 
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3.3 Cyclisation on an (n5=Csfu)FeCID Template: 3P Approach 
3.3.1 Formation of (R* ,R*)J(R* ,S*)-(1J5-cyclopentadienyl)[bis {2-(phenylphosphino)-
ethyl} phen y lphosphine ]iron(ll) hexafl uorophosphate (57) 
The precursor phosphine 48 exists in three diastereomers and the secondary 
phosphine P-stereocenters in 48 will be stable to pyramidal inversion in absence of 
base. 115 The (1J5_C5H5)Fe(ll) complex of 48 was prepared as with the analogous 
bis[2-(diphenylphosphino)ethyl]phenylphosphine complex 56 (Scheme 38).116 Thus, 
(1J5_C5H5)Fe(CO)2Br1l7 was photo-irradiated with UV in benzene with 48. Although 
long irradiation was required for a good yield of product, 116 considerable decomposition 
occurred. With reduced irradiation times (ca. 70 min), very low yields were obtained. 
Scheme 38 
~ 
I 
Fe / \----Br CO 
CO 
hv 
56 
57 
Another approach to the complex 57 was via rf-arene displacement from 
(1J5_C5H5)Fe(ry6-arene)+ by photolysis in presence of the ligand. Incidently, complex 56 
was also synthesised from (1J5_cyclopentadienyl)( rf-p-xylene )iron(ll) hexafluorophos-
phate (Scheme 39) and the yield was ca. 730/0 after one recrystallisation. 118 The arene 
displacement reaction is by far the best for the synthesis of these phosphine complexes. 
Scheme 39 
~ 
I _ 
Fe+ PF6 
Me~Me hv 
56 
Photochemical removal of arene from (1J5-CsH 5)Fe( rf>-arene)+ need not be 
limited to p-xylene.119 The toluene complex, [(1J5_CsHs)Fe(rf-toluene)]PF6 was 
45 . 
prepared by a modified procedure based on the work of Nesmeyanov and co-workers. 120 
This complex in methylene chloride, when irradiated with an incandescent lamp in the 
presence of bis[2-(phenylphosphino)ethyl]phenyl-phosphine 48, gave the desired 
product 57 in ca. 70% yield (Scheme 40). 
Scheme 40 
~ 
1+ _ 
/Fe .. . ~ PF6 PhHP~\"""P~ 
PhHP-/ 
57 
3.3.2 Stereochemistry and 3Ip(1H} NMR spectrum of 57 
Only three diastereomers of 57 are possible (Figure 5): a chiral R* ,R* 
diastereomer and two achiral R*,S* diastereomers. The descriptor syn and anti for the 
R* ,S* diastereomers refer to the disposition of the phenyls on the terminal phosphorus 
atoms with respect to the 17S-CsHs ring. One requirement for the formation of these 
complexes is that the phenyl substituent on the central phosphorus must be syn with 
respect to the cyclopentadienyl group since this is the only configuration that allows the 
coordination of all three phosphorus atoms to the metal. 
R*,R* 
~ 
1+ Ph Ph"p~\~( 
H/R S P~ 
/ 
H 
(R* ,S*)-syn (R* ,S*)-anti 
Figure 5. The R* ,R* and R* ,S* diastereomers of 57. 
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The 31p{ IH} NMR spectrum of 57 is shown in Figure 6. It is rather trivial to 
distinguish between the 31p{ IH} NMR spectra of the R*,R* and R*,S* diastereomers. 
The R*,S* diastereomers gives rise to AX2 spin systems in the 31p{ IH} NMR spectrum, 
consisting of pairs of triplets and doublets for the central and terminal phosphorus nuclei, 
47. 
respectively. It is not possible, however, to designate sets of signals to the syn or anti 
diastereomers. The R* ,R* diastereomer for the same nuclei displays an AXY coupling 
system which includes eight lines for the XY portion of the spectrum and a pseudo-triplet 
for the A portion of the coupling system. Figure 6 shows the spectra of the mixture, 
together with a simulated spectrum of the R* ,R* diastereomer. All simulations were 
performed using a LA COON program, standard software for Varian spectrometers. 
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Figure 6. 31 P { 1 H} NMR spectra of 57; central phosphorus: (a), recorded; 
(b), simulated for R* ,R* diastereomer. 
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Figure 6. 31p{lH} NMR spectra of 57; tenninal phosphorus: (c), recorded; 
(d), simulated for R*,R* diastereomer. 
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Cyclisation of 57 requires 2 equiv. base followed by alkylation with 1 equiv. 
1,2-dihaloethane. The only diastereomer with the appropriate stereochemistry for 
cyclisation is the (R* ,S*)-syn diastereomer where all the phenyl groups are syn with 
respect to the 17S-CsHs ring. Model studies have indicated that the remaining 
diastereomers are incapable of being cyclised by 1,2-dihaloethane. 
so. 
Secondary phosphido-iron-P stereocenters have been known to epimerise, even 
at very low temperatures. The barrier to inversion for PhHPFe(II) group at -65 DC has 
been estimated as 60 + 4 kJ mol-1.121 Accordingly, 2 equiv. KOBu l were added to a 
solution of 57 in tetrahydrofuran at room temperature. The solution was stirred for 10 
min before being subjected to aqueous work-up. Although ca. 80% of 57 was recovered 
the 31 P { 1 H} NMR spectrum indicated the ratios between the three diastereomers was 
substantially different. 
The recovered product had been enriched in the R* ,R* diastereomer over the 
R*,S* diastereomers (Figure 7). Epimerisation of the (R*,S*)-anti diastereomer relieves 
the steric crowding of two terminal phenyl groups, which are in close proximity. 
Similarly, the (R*,S*)-syn diastereomer seeks to avoid the sterically unfavourable 
situation where all the phenyl groups are syn with respect to the 17s-CsHs group. Thus, 
the initial synthetic mixtures of diastereomers of 57 is a kinetic mixture and the product 
obtained after treatment of this mixture with base followed by aqueous work-up is the 
thermodynamic mixture. As a result of the epimerisation, the amount of (R* ,S*)-syn 
diastereomer would be reduced with respect to the (R* ,R*) diastereomer (Scheme 41). 
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Figure 7. 31 P { 1 H} NMR spectra of 57 after epimerisation with base: 
(a), central phosphorus; (b), tenninal phosphorus. 
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Scheme 41 
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3.3.3 Synthesis of bis[2-(methylphenylphosphino)ethyl]phenylphosphine (61) 
Another strategy that could be employed is a single bond fonnation from 
precursors of the type 59 (Scheme 42). If X = Br, coupling of 59 would generate the 
desired coordinated macrocycle. 
Scheme 42 
~ 
1+ Ph :'P;>~\~ 
X ~ 
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> 
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For this synthesis, bis[2- {(bromomethyl)phenylphosphino }ethyl]phenyl-
phosphine, 60, was required. Initial attempts at the preparation of 60 involved the 
addition of bis(phosphide) 49 to an excess of CH2Br2 (Scheme 43). The resulting 
product, however, was polymeric. 
Scheme 43 
Ph 
fP\ 
PhPLi LiPPh 
49 
Ph 
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X ~ PhP ~PPh 
lBr Br) 
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Alternatively, complex 59 could be prepared by the bromination of the 
coordinated ligand in complex 62 with N-bromosuccinimide (Scheme 44).122 
53 . 
Scheme 44 
Ph ~ 
2 Mel fP\ 6:~-
PhP PPh 
I I 
Me Me 
49 61 
62 59 
The dimethyl compound 61 was prepared by treatment of a solution 9f the 
phosphide 49 at -78°C with 2 equiv. methyl iodide. The decolourisation of the 
deep-burgundy coloured solution of the phosphide was used as an indicator in the 
54. 
reaction. Like 48, bis[2-(methylphenylphosphino)ethyl]phenylphosphine (61) exists as 
racemic (R* fi*) and meso (R*,S*) diastereomers (Figure 8). The 31p{ IH} NMR 
spectrum of 61 did not display the three triplets and four sets of doublets that were 
anticipated on the basis of the spectrum of 48. Overlap of the multiplets for the tenninal 
phosphorus nuclei have simplified the upfield signal into a pseudotriplet On the other 
hand, the three separate triplets for the central phosphorus are recognisable in the 
expanded spectrum (Figure 9). 
Ph 
I 
Ph~S 
Me)!.' j Ph 
R* ,R* 
R*,S* 
Figure 8. R*,R* and R*,S* diastereomers of 61. 
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Figure 9. 31p{ IH} NMR spectrum of 61: (a), full spectrum. 
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Figure 9. 31p{ IH} NMR spectra of 61: (b), expanded central phosphorus 
region; (c), expanded tenninal phosphorus region. 
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3.3.4 Formation of [bis {2-(methylphenylphosphino )ethyl} phenylphosphine] iron (II) 
complex 62 
Coordination of 61 was achieved by photo-irradiation in dichloromethane with 
[(11S-C5Hs)Fe(7f-toluene)]PF6. Complex 62 was formed cleanly with few by-products 
and the 31 P { 1 H} NMR spectrum of 62 is similar to that of 57. 
~ 
1+ Ph /Fe .. ~ / Ph(Me)p~\''''''p~ 
Ph(Me)pJ 
57 62 
The three diastereomers of 62 are illustrated in Figure 10. 
R*,R* 
~ 
1+ Ph Ph"p~\~~ 
Me/R S p(./ 
MI 
(R* ,S*)-syn (R * ,S*)-anti 
Figure 10. R*,R* and R*,S* diastereomers of 62. 
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The assignment of the 31p{ 1H} NMR spectrum of 62 (Figure 11) was based 
upon the same logic employed for the assignment of the spectrum of 57. Both R* ,S* 
diastereomers were identified by the pairs of doublets and triplets. The R* ,R* 
diastereomer displayed an AXY spin system in the 31 P { 1 H} NMR spectrum. A simulated 
spectrum for the R* ,R* diastereomer of 62 is given in Figure 11. 
....... 
........ 
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Figure 11. 31p(lH} NMR spectra for 62: central phosphorus; (a), recorded; 
(b), simulated for R* ,R* diastereomer. 
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Figure 11. 31p{ IH} NMR spectra for 62: tenninal phosphorus; (c), 
recorded; (d), simulated for R* ,R* diastereomer. 
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A single crystal of 62 was obtained for X -ray crystal structure determination. 
Complex 62 crystallised as prisms in the trigonal space group R3c. A small degree of 
twinning (ca. 6%) of the fonn 11 Ie T existed, but this was ignored. The structure was 
solved using Patterson methods by Dr A. C. Willis of the Research School of Chemistry. 
Table I lists selected bond distances and angles; ORTEP plots of the cation of 62 are 
shown in Figures 12 and 13. The R factor obtained for this complex was 0.049. 
Table I. o Selected Interatomic Distances (A) and Angles C) for (62) 
with Estimated Standard Deviations in Parentheses a,b 
Fe-P(1) 2.180(4) Fe-P(2) 2.177(3) 
Fe-P(3) 2.202(4) Fe-C(41) 2.09(1) 
Fe-C(42) 2.07(1) Fe-C(43) 2.06(1) 
Fe-C(44) 2.09(1) Fe-C(45) 2.07(1) 
P(l}-C(l) 1.80(2) P(1}-C(2) 1.85(1) 
P(1}-C(11) 1.83(2) P(2}-C(3) 1.81 (2) 
P(2}-C(4) 1.86(2) P(2}-C(21) 1.81(1) 
P(3}-C(5) 1.81(1) P(3}-C(6) 1.83(2) 
P(3}-C(31) 1.83(2) C(2)-C(3) 1.57(2) 
C(4}-C(5) 1.54(3) C(11}-C(12) 1.38(2) 
C(11}-C(16) 1.40(2) C(12}-C(13) 1.36(3) 
C(13}-C(14) 1.36(4) C(14}-C(15) 1.38(2) 
C(15}-C(16) 1.37(3) C(21}-C(22) 1.40(2) 
C(21 }-C(26) 1.38(2) C(22}-C(23) 1.37(3) 
C(23 }-C(24) 1.35(3) C(24 }-C(25) 1.40(4) 
C(25}-C(26) 1.36(3) C(31}-C(32) 1.37(1) 
C(31 }-C(36) 1.36(2) C(32}-C(33) 1.37(2) 
C(33}-C(34) 1.34(3) C(34 }-C(35) 1.37(2) 
C(35}-C(36) 1.41(3) C(41}-C(42) 1.39(2) 
C(41}-C(45) 1.38(2) C(42}-C(43) 1.40(2) 
C(1) .... C(6) 6.61 (2) C(11) .... C(31) 3.54(2) 
C(43}-C(44) 1.31 (2) C( 44 }-C( 45) 1.41 (2) 
P(4}-F(41) 1.586(8) P(4}-F(42) 1.584(7) 
P(5}-F(51) 1.54(1) P(5}-F(52) 1.56(1 ) 
Table I. continued 
P(6}-F(61) 
P(6}-F(63) 
P(6}-F(65) 
P( 1 }-Fe-P(2) 
P(1}-Fe-C(41) 
P(1}-Fe-C(43) 
P( 1 }-Fe-C( 45) 
P(2}-Fe-C( 41) 
P(2}-Fe-C( 43) 
P(2}-Fe-C( 45) 
P(3}-Fe-C( 42) 
P(3}-Fe-C(44) 
C( 41 }-Fe-C( 42) 
C( 41 }-Fe-C( 44) 
C( 42 }-Fe-C( 43) 
C( 42}-Fe-C( 45) 
C(43}-Fe-C(45) 
Fe-P( 1 }-C( 1) 
Fe-P(l}-C(ll) 
C(1}-P(l}-C(ll) 
Fe-P(2}-C(3) 
Fe-P(2}-C(21) 
C(3 }-P(2 }-C(21) 
Fe-P(3}-C(5) 
Fe-P(3}-C(31) 
C(5}-P(3}-C(31) 
P( 1 }-C(2 }-C(3) 
P(2}-C(4}-C(5) 
P(1}-C(11}-C(12) 
C(12}-C(11}-C(16) 
C( 12 }-C( 13 }-C( 14) 
C( 14 }-C( 15}-C( 16) 
P(2}-C(21}-C(22) 
C(22}-C(21 }-C(26) 
C(22}-C(23 }-C(24) 
C(24 }-C(25}-C(26) 
1.53(1) 
1.6( 1) 
1.58(1) 
86.2(1) 
130.1(4) 
126.6(5) 
97.6(4) 
93.4(3) 
147.1(5) 
115.3(5) 
97.4(4) 
119.4(4) 
38.9(6) 
65.7(5) 
39.6(6) 
64.7(5) 
64.3(6) 
114.5(9) 
124.1(4) 
99.8(9) 
111.9(5) 
121.3(3) 
102.9(7) 
111.2(6) 
121.2(4) 
106.1(7) 
107(1) 
105(1) 
121(1) 
118(1) 
122(1) 
120(2) 
121(1) 
117(1) 
120(2) 
119(2) 
P(6}-F(62) 
P(6}-F(64) 
P(6}-F(66) 
P( 1 }-Fe-P(3) 
P(1}-Fe-C(42) 
P(1}-Fe-C(44) 
P(2}-Fe-P(3) 
P(2}-Fe-C( 42) 
P(2}-Fe-C(44) 
P(3 }-Fe-C( 41 ) 
P(3}-Fe-C( 43) 
P(3}-Fe-C( 45) 
C( 41 }-Fe-C( 43) 
C( 41 }-Fe-C( 45) 
C(42)-Fe-C(44) 
C( 43}-Fe-C( 44) 
C( 44 }-Fe-C( 45) 
Fe-P(1}-C(2) 
C(1 }-P(1 }-C(2) 
C(2}-P(1 }-C(11) 
Fe-P(2}-C(4) 
C(3 }-P(2 }-C( 4) 
C(4}-P(2}-C(21) 
Fe-P(3 }-C( 6) 
C(5}-P(3}-C(6) 
C(6}-P(3)-C(31) 
P(2}-C(3)-C(2) 
P(3}-C(5}-C(4) 
P(1}-C(11}-C(16) 
C(11}-C(12}-C(13) 
C(13}-C(14}-C(15) 
C( 11 }-C( 16}-C( 15) 
P(2}-C(21}-C(26) 
C(21 }-C(22 }-C(23) 
C(23 }-C(24 }-C(25) 
C(21 }-C(26}-C(25) 
1.55(1 ) 
1.6( 1) 
1.58( 1) 
96.9(2) 
160.4(3) 
96.7(5) 
84.7(1) 
108.4(4) 
154.9(4) 
132.8( 4) 
91.7(5) 
156.0(3) 
65.6(5) 
38.8(6) 
64.5(6) 
36.9(7) 
39.6(6) 
108.6(6) 
103.3(9) 
104.3(7) 
109.6(4) 
104.8(9) 
104.8(7) 
117.3(7) 
98.0(7) 
99.9(8) 
110.1(9) 
109(1) 
121.3(8) 
120(2) 
119(2) 
121(1) 
122(1) 
122(2) 
120(2) 
123(2) 
62. 
63. 
Table I. continued 
P(3)--C(31)--C(32) 118(1) P(3)--C(31)--C(36) 124(1) 
C(32)--C(31)--C(36) 118(2) C(31)--C(32)--C(33) 121(1) 
C(32)--C(33)- C(34 ) 122(1) C(33)--C(34)--C(3S) 118(2) 
C(34 )--C(3S)- C(36) 120(2) C(31 )--C(36)--C(3S) 120(1) 
Fe- C( 41 )--C( 42) 70.1(9) Fe-C( 41 )--C( 4S) 70(1) 
C( 42)--C( 41 )--C( 4S) 107(1) Fe-C( 42)--C( 41) 71.0(8) 
Fe-C(42)--C(43) 69.8(8) C(41)--C( 42)--C( 43) 108(1) 
Fe-C( 43)--C( 42) 70.6(6) Fe-C(43)--C(44) 72.S(7) 
C( 4 2)--C ( 43 )--C( 44 ) 110(1) Fe-C(44)--C(43) 70.6(7) 
Fe- C( 44 )--C( 4S) 69.6(6) C( 43)--C( 44)--C( 4S) 108(1) 
Fe-C( 4S)--C( 41) 71.1(8) Fe-C( 4S)--C( 44) 70.7(9) 
C( 41 )--C( 4S)--C( 44) 108(1) F( 41)--P( 4 )--F( 42) 179.4(S) 
F( 41)-P( 4)--F( 41)' 91.S(S) F( 41 )--P( 4 )--F( 42)' 88.1(4) 
F( 41)--P( 4)--F( 42)" 89.0(S) F( 42)--P( 4 )-F( 42)' 91.3(S) 
F(Sl)--P(5)--F(S2) 176.8(8) F(Sl)-P(S)--F(Sl)' 94.S(8) 
F(Sl)-P(S)--F(S2)' 88.3(8) F(Sl)-P(S)--F(S2) " 87.0(7) 
F( S 2 )-P( S)--F (S 2)' 90.2(9) F(61)--P(6)--F(62) 180.0 
F(61)--P(6)--F(63) 91.1(4) F(61)--P(6)--F(64) 89.0(4) 
F(61)--P(6)--F(65) 89.6(4) F( 61 )--P( 6)--F( 66) 90.3(4) 
F(62)--P(6)--F(63) 88.9(4) F(62)--P(6)--F(64) 91.0(4) 
F(62)--P(6)--F(65) 90.4(4) F(62)--P(6)--F(66) 89.7(4) 
F(63)--P(6)--F(64) 179(7) F(63)--P(6)--F(65) 91(7) 
F(63)--P(6)--F(66) 90(7) F(64)--P(6)--F(6S) 90(7) 
F(64)--P(6)--F(66) 89(7) F(65)--P(6)--F(66) 179(7) 
a Primes ( , ) indicate atoms generated by the symmetry operation (-y, x- y, z); 
double primes ( " ) indicate atoms generated by the symmetry operation 
(- x+y, - x, z). 
b Waser-style restraints imposed on PF6- anion centred on P(6): P-F bonds 
1.S8(1 )A; appropriate F-P- F angles 90.0(S). Angles involving the 
symmetry-generated images of F(63)--F(66) are not included in this Table. 
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Figure 12. Molecular structure of the cation of 62. Ellipsoids show 30% 
probability levels. Atom labelling corresponds to Table I. Hydrogen atoms are 
omitted for clarity. 
64. 
6S. 
Figure 13. A view of the cation of 62 trans to the 71S-CsHS group. 
66. 
From the ORTEP plots of Figures 12 and 13 it is evident that the cation of 62 
dOes not have two-fold symmetry in the solid state. Of interest are the interatomic 
distances between the tenninal phosphorus nuclei. The distance for C(1)-C(6) is 6.61 A, 
four times as long as the C- C distances of C(2)-C(3) and four times as long compared to 
C(4)-C(5). In 62 the P(l)-Fe-P(3) bond angle (96.9 0) is enlarged to compensate for the 
compressed P(1)-Fe- P(2) (86.2 0) and P(2)-Fe- P(3) (84.7 0) bond angles. Comparison 
with 63,123 which contains bis[2-(diphenylphosphino)ethyl]phenylphosphine, reveals a 
similarity in the bond angles, viz., 96.4 0,84.6 0, and 85.3 0 for P(1)-Fe(1)-P(3), P(1)-
Fe(1)-P(2), and P(2)-Fe(1)-P(3), respectively (Figure 14). 
63 
Figure 14. Perspective view of [(47)Fe(J.l-SH)3Fe(47)]+ cation. 
Reproduced from Inorg. Chern ., 1979,18, 3466. 
67 . 
The next step involved bromination of complex 62 to fonn complex 59. A 
reagent that would selectively brominate the PMe groups was needed. Consequently, 62 
was treated with N-bromosuccinimide under UV irradiation to initiate the radical-chain 
reaction indicated in Scheme 45, but, none of the attempts gave the desired product. 
Scheme 45 
~ 
1+ Ph-~Fe .. . ~ / PF6 Ph(Me)p~\ IIII/P,,> 
Ph(Me)P-/ 
62 
hv 
~ 
1+ Ph Ph(BrCH2)P~\~P( 
Ph(BrCH2)P-/ 
59 
3.3.5 Synthesis of bis[2- { (methoxymethyl)phenylphosphino }ethyl]phenylphosphine 
(64) 
An alternative route to 59 was the bromination of complex 65 with boron 
tribromide (Scheme 46).124 Formation of 64 was achieved by reaction of the 
bis(phosphide) 49 with chloromethyl methyl ether. As previously discussed, there are 
two routes to the diphosphide. The flrst involves treatment of bis[2-(diphenylphosphino)-
ethyl]phenylphosphine with lithium in tetrahydrofuran; the second relies upon the 
addition of 2 equiv. n-BuLi to bis[2-(phenylphosphino)ethyl]phenylphosphine, 48. Both 
methods worked efflciently to generate the bis(phosphide) 49. The major difference 
between the two routes was that the former produced 2 equiv. phenyllithium as by-
product, which had to be be destroyed by the addition of t-butylchloride.85 Alternatively, 
the phenyllithium could be quenched by the addition of 4 equiv. chloromethyl methyl 
ether. Lithium diphenylphosphide was also detected in the phosphide solution, regardless 
of the route used to generate the bis(phosphide). Following the addition of chloromethyl 
methyl ether, methoxymethyl(diphenyl)phosphine 66 was therefore formed, which was 
evident in the 31 P { 1 H} NMR spectrum as a peak at -20 ppm. An independent synthesis 
68 . 
of 66 was achieved by treatment of diphenylphosphine73 with a stoichiometric amount of 
n-BuLi followed by chloromethyl methyl ether. 
Scheme 46 
Ph 
1) 2 n-BuLi 
2) 2 CICH20Me 
~ 
PhPfPlpPh 
lOMe MeO) 
48 64 
65 59 
The crude mixture of bis[2- {(methoxymethyl)phenylphosphino }ethyl]phenyl-
phosphine and methoxymethyl(diphenyl)phosphine was chromatographed through 
neutral alumina with dichloromethane as eluant to remove the orange coloured impurities. 
Separation of the two phosphines could not be achieved by chromatography, nor was 
distillation successful. The 31p{ IH) NMR spectrum of the mixture indicated the central 
phosphorus for the tridentate as a series of overlapping multiplets at ca. -15.8 ppm while 
the terminal phosphorus appeared at ca. -23.6 ppm as a series of four partially resolved 
doublets. 
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Figure 15. 31 P ( 1 H} NMR spectra of 64: (a), central phosphorus; 
(b), terminal phosphorus. 
70. 
Tridentate 64 exists as racemic (R* fl*) and meso (R* ,S*) diastereomers 
(Figure 16). Therefore, three separate triplets and four sets of doublets were expected for 
the central and tenninal phosphorus, respectively. All were identified on close 
examination of the 31p(lH} NMR spectrum (Figure 15). 
III 
R*,R* 
Ph 
I 
MeOCH2~~HPMe 
,)P R S_[ 
Ph ~ ~ Ph 
R* ,S* 
Figure 16. R* ,R* and R* ,S* diastereomers of 64. 
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3.3.6 Formation of [bis { 2- [( methoxymeth yl )pheny Iphosphino ]eth y I} pheny 1-
phosphine]ironCII) complex 65 
71. 
The mixture containing 64 and 66 was photo-irradiated with [(1JS-CsHs)Fe-
(rf-toluene)]PF6 in dichloromethane to afford the complex 65. Although 
methoxymethyl(diphenyl)phosphine, 66, was also present, it did not form a complex due 
to competition with the more strongly chelating tris(tertiary phosphine) 64. 
Col umn chromatography of crude 65 on a silica or al umina column converted 
most of the deep-yellow complex 65 into a brown material which could not be eluted 
from the column under all conditions attempted. The recovery of the complex from the 
column varied between 20 and 44%. The most consistent results were achieved when 65 
was chromatographed through a 2 cm column of Florisil with dichloromethane as eluant. 
The total recovery in this case was ca. 50%. The FAB-mass spectrum and microanalysis 
obtained for purified 65 was in good agreement with the calculated values. The deep-
yellow complex is air-stable, but the individual diastereomers could not be separated by 
chromatography nor by recrystallisation. 
Complex 65 exists in three diastereomeric fonns: R* ,R*, (R* ,S*)-syn, and 
(R* ,S*)-anti (Figure 17). The 31 P { 1 H} NMR spectrum of 65 displays multiplets of the 
types indicated for complexes 57 and 62. Thus, the (R* ,S*)-syn and -anti diastereomers 
are represented by the two sets of doublets and triplets while the R* ,R* diastereomer 
gives rise to an AXY coupled system. The simulation of the AXY system for the (R* ,R*) 
diastereomer is reproduced in Figure 18(c) and (e). 
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I + Ph Ph"p~\<0:~ 
MeOCH(R S P~ 
MeOCHI 
(R* ,S*)-syn (R* ,S*)-anti 
Figure 17. R*,R* and R*,S* diastereomers of 65. 
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Figure 18. 31p{ IH} NMR spectrum of 65 and 66: (a) full spectrum. 
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Figure 18. 31p{ IH} NMR spectra of 65: expanded region for the central 
phosphorus; (b), recorded spectrum; (c), simulated spectrum for the R*,R* 
diastereomer. 
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(e) 
Figure 18. 31 P { 1 H} NMR spectra of 65: expanded region of the terminal 
phosphorus; (d), recorded spectrum; (e), simulated spectrum for R*,R* 
diastereomer. 
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3.3.7 Formation of [bis( 2-[(bromomethyl)phenylphosphino]ethyl }phenylphosphine)-
iron (II) complex 59 
Bromination of 65 with boron tribromide was performed under standard 
conditions. 124 Although boron tribromide was eventually found to be successful in 
converting the methoxymethyl groups into bromomethyl groups, there were some 
recalcitrant problems initially. The best conversions were achieved when boron 
tribromide was added to a solution of 65 in dichloromethane at -78°C, and the mixture 
allowed to warm to room temperature and react for a minimum of 27 h. A shorter reaction 
period resulted in incomplete conversion and production of the mixed 
bromomethyl/hydroxymethyl complex 67 (Scheme 47). It was possible, however, to 
convert 67 to the bis(bromomethyl) complex 59 by bromination with CBr4/PPh3 in 
pyridine. 125 Although the conversion was clean, it was difficul t to separate 
the triphenylphosphine oxide by-product from the desired bis(bromomethyl) complex 59. 
Scheme 47 
~ BBr3 
1 -78 ·C - 25 ·C + Ph-/Fe ... ~ / PF6 
Ph(MeOCH
2
)P(//\ '''liP,) 
Ph (MeOCH2)P-/ 
.. 
65 
~ 
1+ Ph-~Fe ... ~ / PF6 
Ph(X1)P(//\ "'liP,) 
Ph(X2)P-/ 
67a : Xl = CH20H, X2 = CH2Br 
67b : Xl = CH2Br, X2 = CH20H 
Even when sufficient time was allowed for complete reaction of the boron 
tribromide with 65, there was no guarantee that all three diastereomers would be present 
after work-up. Aqueous hydrolysis of the reaction mixture followed by extraction of the 
product into dichloromethane did give all three diastereomers, but not as the 
hexafluorophosphates. The borate anion, which arose from the hydrolysis of the boron-
etherate intermediate had replaced the hexafluorophosphate in the complexes. Metathesis 
of the borates with ammonium hexafluorophosphate gave the required hexafluoro-
,-
76. 
phosphate complex, but with one diastereomer missing. By a process of trial-and-error, it 
w'as discovered that the loss could be minimised if ammonium hexafluorophosphate was 
added at the initial aqueous workup step. The loss of one of the bis(bromomethyl) 
diastereomers was of concern since the missing one could have been the one required for 
cyclisation. Even so, the hydrolysis period had to be kept to 3-5 min to ensure reasonable 
yields. The missing diastereomer could not be located in the aqueous layer and its 
whereabouts and fate remains a mystery. 
The proportions of the diastereomers of 59 were determined by analyses of the 
31 p { 1 H} NMR spectrum of the product at each step; the signal that disappeared was a 
triplet and a doublet at 125.8 and 103.8 ppm, respectively. The diastereomers for the 
cation 59 are shown in Figure 19. The 31p{ 1H} NMR spectrum for 59 clearly indicates 
the triplets for the central phosphorus nuclei of the diastereomers but the terminal 
phosphorus signals are overlapping (Figure 20). 
The crude yield for the bromination reaction was often in excess of 90%. 
Purification by column chromatography resulted in 20-30% recovery of 59 (at best). 
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R*,R* 
~ 
I + Ph Ph"p~\~( 
BrCH(R S P~ 
BrCH! 
(R* ,S*)-syn (R * ,S*)-anti 
Figure 19. R*,R* and R*,S* diastereomers of 59. 
By deduction, the isomer that disappeared had e2v symmetry, that is, it was one 
of the R* ,S* diastereomers. It was not possible, however, to identify it as the (R* ,S*)-
syn or the (R* ,S*)-anti diastereomer. Nevertheless, the disproportionate loss of one 
(R* ,S*) diastereomer suggested that it may have been quite reactive. The losses were 
unpredictable. Figure 20 shows spectra from two runs. In one case, the loss was 
minimal, (a); in the other, total loss of one diastereomer occurred, (b). 
....... .... 
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Figure 20. 31p{ IH} NMR spectrum of 59 with 3 diastereomers present, (a); 
31p{ IH} NMR spectrum of 59 heavily depleted in one diastereomer, (b). 
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3.3.8 Coupling reactions of 59 
With the isolation of 59, albeit depleted in one diastereomer, the functional 
groups were now in place for cyclisation. To effect the cyclisation, the use of zerovalent 
nickel complexes was explored. 126,127 Initial attempts centered on Ni(CO)4 as the 
coupling reagent. 128 All attempts with this reagent failed and the starting material was 
recovered unchanged. Next, Ni(COD)2 (where COD = 1,5-cyclooctadiene) 129 was used 
as the coupling reagent. This was reported as the reagent of choice by Okada and co-
workers130 in their synthesis of 68 (Scheme 48). 
Scheme 48 
Br Br 
Ni(CODh 
68 
The treatment of 59 in a mixed solvent system of dimethylfonnamide and 
dimethoxyethane with Ni(COD)2 produced interesting results. At room temperature, the 
colour of the reaction mixture changed to reddish-brown within 10-15 min. After 30 min, 
the colour progressively darkened with fonnation of a precipitate. Upon work-up, only 
two products were obtained; complex 58 was found in small quantities together with the 
dimethyl complex 62. Unfortunately, the total yield was < 1 % with the dimethyl complex 
being the main component of the mixture. The macrocycle 58 was identified by F AB-
mass spectrum as the cation centered at m/e 529 a.m.U. (Figure 21), while the dimethyl 
complex gives rise to a peak at m/e 531 a.m.u. The calculated isotopic abundance 
distribution (Figure 22) for the macrocyclic complex is comparable to the mass spectrum 
obtained. The existence of the dimethyl complex 62 was also supported by the 31 P {I H} 
NMR spectrum of the product, which contained peaks identical to those of an authentic 
sample. 
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Figure 21. FAB-mass spectrum of product after treatment with Ni(COD)2. 
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Figure 22. Calculated isotopic abundances for 58 and 62. 
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The (R* ,S*)-syn diastereomer of 59 can undergo intramolecular coupling to 
form the macrocyclic complex 58. The remaining diastereomers, however, were not 
expected to couple. Instead, they were debrominated and converted into methyl 
derivatives. Hence, the dimethyl complex 62 formed must have been the (R* ,S*)-anti 
and (R* ,R*) diastereomers and these were identified in the 31 P { 1 H} NMR spectrum 
(Figure 23). By a process of elimination, the (R* ,S*)-syn diastereomer of 62 must be 
represented by the triplet at 127.2 and the doublet at 86.3 ppm. The crude proouct also 
exhibited a sharp singlet at 31.1 ppm, which could be attributed to the desired 
macrocyclic complex 58, since all the phosphorus nuclei were now identical. 
iii iii iii iii iii Iii iii iii iii iii Iii iii iii iii iii Iii iii iii iii 
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Figure 23. 31p{lH} NMR spectrum of product after treatment of 59 with 
Ni(COD)2. 
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When a sample of complex 59 depleted in one of the R* ,S* diastereomers was 
treated with Ni(COD)2, only the dimethyl complex 62 was isolated. The R* ,R* and one 
of the R*,S* diastereomers of 62 were identified in the product. Since the macrocycle 
could only be formed from the (R* ,S*)-syn diastereomer and no macrocycle was 
detected, the 'missing' diastereomer of 59 must have been the (R* ,S*)-syn diastereomer. 
Hence, the 31p{ IH} NMR spectrum of (R*,S*)-syn 59 has the triplet at 125.8 and the 
doublet at 103.8 ppm. Incidentally, the above reaction mixture did not display the red-
brown colour, instead it turned black within 30 minutes before depositing a black 
precipitate. The red-brown colour could be an indication of NiBr2 formation which might 
be further associated with the intramolecular coupling reaction. It may be that the coupling 
was completed before the debromination reaction. 
All attempts to produce the kine tic all y favoured cyclic product by limiting the 
reaction period to 20 min did not achieve the desired result. Again, a mixture of 58 and 
62 was obtained in low yield, together with mono-debrominated product 69 which was 
detected in minute amounts in the FAB-mass spectrum. 
~ 
I + Ph-~Fe ... ~ / PF6 Ph(Xl)P~\ "'''P,,> 
Ph(X0P-/ 
69a : Xl = BrCH2, X2 = Me 
69b : Xl = Me, X2 = BrCH2 
As an alternative to zerovalent nickel, cyclisation of 59 could be achieved by 
treatment with 1 equiv. n-BuLi (Scheme 49). The mono-lithiated species 70 could then 
react with the internal bromomethyl moiety to give the desired complex 58. 
' !""" 
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Scheme 49 
59 70 58 
Treatment of 59 with 1 equiv. n-BuLi at -110 DC, followed by aqueous workup 
afforded a mixture of unreacted 59 and the dimethyl complex 62. These compounds 
were detected in the FAB-mass spectrum and were further confmned in the 31 P { 1 H} 
NMR spectrum. Similar results were obtained with sec-BuLi. 
One of the more significant methodologies employed for radical coupling is the 
use of samarium(ll) iodide (SmI2) as a selective, one electron reducing agent. 131 Radical 
coupling of the terminal bromomethyls of 59 is another possible route to 58 (Scheme 
50). 
Scheme 50 
~ ~ 
1+ PF6- Ph 
SmI2 
1+ PF6- Ph 
SmI2 
Ph" ~F\~p'/ Ph" ~F\~p'/ P~ 3> .. P~ 3> .. 
BR:H/ p/ BrCH/ p/ 2 
2 / 
BR:HI .CH2 
59 
~ ~ 
1+ PF6- Ph I + PF6-
Ph" ~F\~p'/ Fe ~ Ph .. Ph,pV\"~ p~ 3> 
. CH( p/ ~p/ 
/ 
.CH2 
58 
84. 
Treatment of the bis(bromomethyl) complex 59 with samarium(m icxlide, under 
standard conditions (Scheme 50),132 gave rather surprising results. The FAB-mass 
spectrum of the proouct revealed at least 5 different species among which the unreacted 
bis(bromomethyl) compound predominated. A small amount of the coupled proouct 58 
was detected at m/e 529 a.m.u., as well as the debrominated species 62 and 71 at m/e 
531 and 609.1 a.m.u., respectively (Figure 24). Reduction of complex 59 was 
anticipated,133 but, the peak at m/e 734.9 a.m.u. was unexpected. This was identified as 
the mixed halide complex 72 (Figure 25). 
~ 
1+ PF6- Ph 
/Fe ... -6/ /' /" \',I/IIP, Ph(Me)P~ "") 
Ph(Me)P-/ 
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71b : Xl = CH2Br, X2 = Me 
~ 
1 + PF6- Ph 
Ph(Xl)P?\~< 
Ph(X2)P-/ 
72a:X I =Br,X2=I 
72b:X I =I,X2 =Br 
1 00 
90 
8 0 
70 
60 
50 
4 0 
FAB+ 
217 . 0 
+ : 
TIC : 290606016 F1ags : HALL 
285 . 2 
30 182.8 297 . 1 
8 . 3E6 
7 . 4E6 
6 . 6E6 
5 . 8E6 
5 . 0E6 
4 . 1E6 
3 . 3E 6 
2 . 5 E6 
20 200 . 9 275 . 1 3 80 . 1 1.7E6 
10 8.3E5 
O~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~O.OEO 
4 0 M/ Z 
10 0 68 8 . 3E6 
90 59 7 . 4E6 
8 0 6 .6E6 
70 72 5 . 8E6 
734 . 9 
60 5.0 E6 
5 0 4 . 1E6 
4 0 62 71 3 . 3E6 
30 5 31 . 2 2 . 5 E6 
20 58 609 . 1 1.7 E6 
1 0 8.3E5 
O~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ O .OEO 
8 0 M/ Z 
Figure 24. FAB-mass spectrum of product after treatment with SmI2. 
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Figure 25. Calculated isotopic distribution for 72. 
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The transfonnation of a bromo alkyl to an iodoalkyl moiety by samarium(II) 
iodide was previously unknown, although the transformation of tosylates into iodides has 
been previously reported. 132-134 The yield of the cyc1ised product was still far too low 
for it to be isolated and the reagent cannot be considered successful as there were too 
many by-products generated. 
3.4 Cyc1isation on an (nS=wHs)Fe(ll) Template: 2P + P Approach 
The template chosen for the 2P + P approach was the (1JS-CsHs)Fe+ group. 
Thus, irradiation of (1JS-CsHs)Fe(CO)2Br with UV light in acetonitrile in the presence of 
1,2-bis(diphenylphosphino)ethane (dppe) gave [(1JS-CsHs)Fe(dppe)(NCMe)]Br in high 
yield. 13S The same reaction could be executed with a variety of bidentate phosphines with 
similar results. 121 
Hence, photo-irradiation of (1JS-CsHs)Fe(CO)2Brl17 in acetonitrile with 1,2-
bis(phenylphosphino)ethane60,61 gave 73 upon metathesis with aqueous ~PF6.121 
The 31 P { 1 H} NMR spectrum of this product in CDCl3 contains a set of six peaks around 
70 ppm consisting of two pairs of doublets and two singlets (Figure 26). The 31 P NMR 
spectrum (proton coupled) of the product indicated the presence of PH groups. 
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Figure 26. 31 P { 1 H} NMR spectrum of 73. 
When (R* ,R*)- and (R* ,S*)-l ,2-bis(phenylphosphino )ethane coordinates to the 
iron(II), three diastereomers are possible, as depicted in Figure 27. The chiral R* ,R* 
diastereomer of the 1,2-bis(phenylphosphino)ethane gives a pair of chiral complexes 
containing non-equivalent phosphorus nuclei. The R* ,S* diastereomer of the phosphine 
gives a pair of diastereomeric complexes, each of which has equivalent phosphorus 
nuclei. 
Cp Cp Cp Cp 
I Ph Ph I I Ph I + Ph Fe+ I I Fe+ Fe+ I/Fe" I p/ "P p/ "P p/ "P I~ ~ I I~ I p~p 
Ph Ph Ph Ph 
R R S S R S S R 
R* ,R* (R* ,S* )-anti (R* ,S* )-syn 
Figure 27. R* ,R* and R* ,S* diastereomers of 73. 
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Of the three, only the (R* ,S*)-syn diastereomer appears to be favourably 
disposed to cyclisation. Since the coordinated acetonitrile is readily displaced by 
monodentate phosphines in boiling methanol,121 complex 73 was heated with 
phenyldivinylphosphine in methano1.62 A colour change from red to orange occurred and 
the 31 P { 1 H} NMR spectrum of the reaction mixture, after removal of solvent, contained a 
number of multiplets in the region 290-130 ppm. Most of the starting complex had 
decomposed, but the phenyldivinylphosphine remained unreacted. The heat sensitivity of 
secondary phosphine complex 73 is rather unfortunate; similar tertiary phosphine 
complexes are thennally stable. 121.135 The reaction could not be pursued further due to 
time constraints. 
3.5 Conclusion 
The template approach to the synthesis of 1,4,7 -triphenyl-1 ,4,7 -triphospha-
cyc1ononane allowed the exploration of a variety of cyclisation routes not available to the 
'free' macrocycle syntheses. This. included coupling reactions. The coupling approach 
would be successful if the reaction centers were in close proximity. The use of a tenninal 
bis(secondary phosphine) iron(II) complex indicated that the fonnation of an intennediate 
iron-phosphido complex would be accompanied by epimerisation of the phosphido 
stereocenters to fonn thennodynamic diastereomers. Unfortunately, the only diastereomer 
that could be cyclised suffers from steric congestion and would therefore be 
thennodynamically unstable. In order to avoid the possibility of epimerisation at 
phosphorus, a strategy exploring the coupling of the terminal ends of a coordinated linear 
tri(tertiary phosphine) was explored. Of the three diastereomers fonned, only one had the 
correct stereochemistry and configuration for cyclisation. Experimentally, it was difficult 
to separate the individual diastereomers and these problems were still further compounded 
by synthetic difficulties. At best, a trace of (1,4,7 -triphenyl-1 ,4,7 -triphosphacyclo-
nonane)iron(II) complex could be identified in the FAB-mass spectrum in one of the 
coupling reactions. 
.......... 
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CHAPTER 4 
SMALL RING CHEMISTRY OF PHOSPHINES AND 
ARSINES 
"Never forget that only dead fish swim with the stream." 
-Anon. 
-
',-
4.1 Introduction 
Three-membered heterocycles have long fascinated chemists with their high 
angular strain and propensity for ring opening reactions and expansion. 136 Oxirane for 
example, is used for the preparation of ethylene glycol, poly(ethylene glycols), and for 
the manufacture of polymers. Its industrial importance is due to the ease with which the 
ring can be opened. Thiirane and aziridine undergo similar ring opening reactions. The 
highly strained structures have also been of interest to theoreticians interested in orbital 
hybridisation. 
90. 
There are several reports of the cyclo-oligomerisation of oxirane and substituted 
aziridines (Scheme 51).137,138a,b 
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Of great interest to us was the observation that the cyclo-oligomerisation of 
oxirane can be achieved in high yield. The synthesis in Scheme 52 is also of interest to 
us. 139 
-
...... 
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Scheme 52 
<Q> 
I _ 
2 Fe+ PF6 
®=>--Me 
+ 8 o U 
hv 
+ CP2Fe + 2 PhMe 
The aim of this work was to synthesise I-phenylphosphirane and 
I-phenylphosphetane and to investigate their propensity for cyclo-oligomerisation in the 
presence of metal salts. It is quite conceivable that the synthesis of 1,4,7-triphenyl-1,4,7-
triphosphacyclononane 43, and perhaps 1,4,7,10-tetraphenyl-1,4,7,10-tetraphospha-
cvclododecane, may be achieved in reactions similar to the one illustrated in Scheme 52. 
Hitherto, phosphiranes have not been used previously for cyclo-oligomerisation reactions. 
4.2 Synthesis of Phosphirane 
Phosphirane 74 was prepared in 1963 by the following synthesis 
(Scheme 53) : 140,141,142 
Scheme 53 
NH3 
PH3 + Na NaPH2 + 0.5 H2 (g) 
2 NaPH2 + CI~CI ~ HP(] + + 
74 
2 NaCI 
The yield of 74 was ca. 74% with respect to 1,2-dichloroethane. The compound 
is thennally unstable, decomposing into ethylphosphine and other viscous non-volatile 
liquids over 24 h at 25 °C.142 A propensity for ring-opening and polymerisation of the 
parent phosphirane was indicated by the formation of viscous decomposition products. 
1-Phenylphosphirane143 can also be synthesised by the above method with the use of 
phenylphosphine. The cyclo-trimerisation of 1-phenylphosphirane is hence an 
attractive route to the desired 1,4,7 -triphenyl-1 ,4,7 -triphosphacyclononane. 
4.3 Synthesis of 1-Phenylphosphirane 
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Phenylphosphine74 with 1 equiv. sodium in liquid ammonia gave a deep orange 
solution of sodium phenylphosphide 75. The addition of 0.5 equiv. 1,2-dichloroethane 
to the phosphide solution gives (2-chloroethyl)phenylphosphine 76 as an intermediate, 
which is deprotonated by the remaining sodium phenylphosphide to give equimolar 
quantities of 1-phenylphosphirane and phenylphosphine (Scheme 54).143 
Scheme 54 
NH3 
PhPH2 + Na 
2 PhPHNa + CI~CI 
[PhP(H)~Cll + PhPHNa 
76 
PhPHNa 
75 
+ 
[ PhP(H)~Cll 
76 
+ PhPHNa 
0.5 H2 (g) 
+ NaCI 
PhP<J + PhPH2 + NaCI 
77 
Evaporation of liquid ammonia, followed by extraction of the milky residue with 
diethyl ether, gave the crude product. In the 31 P ( 1 H} NMR spectrum of the product 
(Figure 28), phenylphosphine gives rise to a singlet at -122 ppm and 1-phenyl-
phosphirane a singlet at -236 ppm. The extremely high-field chemical shift for the 
phosphirane is typical l44 and corresponds with the literature value. 143 
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Figure 28. 31p{ IH} NMR spectrum of I-phenylphosphirane with 
phenylphosphine. 
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Although it has been reported that I-phenylphosphirane can be isolated from the 
mixture by distillation,143 all our attempts were unsuccessful. The distillates invariably 
contained mixtures of the two phosphines less concentrated in the heterocycle. A heavy, 
gelatinous residue remaining in the distillation flask consisted of polymeric material and 
some I-phenylphosphirane. Contrary to the literature report,143 we do not believe that 
fractional distillation is a suitable method for the isolation of the I-phenylphosphirane 
from this synthesis. 
In another attempt, lithium phenylphosphide (generated from phenylphosphine 
with 1 equiv. n-BuLi) in tetrahydrofuran was added dropwise to a cooled (-78 °C) 
solution containing 0.5 equiv. 1,2-dichloroethane in tetrahydrofuran. Upon dissipation of 
the phosphide colour, the mixture was subjected to aqueous work-up. The oil isolated 
... 
',-
from the reaction was shown by 31p{ IH} NMR spectroscopy to be a 1:1 mixture of 
phenylphosphine and 1-phenylphosphirane. 
Incidently, (2-chloroethyl)phenylphosphine, 76, has been prepared in 3 steps 
from dichlorophenylphosphine by the method shown in Scheme 55:145 
Scheme 55 
PhPC12 
.. 
Rather than prepare 76 by this route and investigate the synthesis of 
1-phenylphosphirane from it with various bases, we decided to explore the use of 
dilithium phenylphosphide as a possible precursor to the heterocycle. 
4.4 Synthesis of 1-Phenylphosphirane from Dilithium Phenylphosphide 
Baudler and co-workers l46 have synthesised the substituted phosphirane 78 
94. 
from dilithium t-butylphosphide (Scheme 56).The dilithium phosphide was not isolated, 
but was generated in-situ from t-butylphosphine and 2 equiv. n-BuLi. 
Scheme 56 
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Oshikawa and co-workers l47 have reported the synthesis of the phosphirane 80 
by two routes (Scheme 57). Stepwise treatment of the bulky phosphine 79 with 1 equiv. 
n-BuLi followed by alkylation with ethanediyl-l,2-bis(tosylate) gave a 43% yield of the 
phosphirane 80. Phosphirane 80 was also synthesised, albeit in lower yield, by 
generation of the dilithium phosphide of 79 and treating it with ethanediyl-1 ,2-
bis(tosylate) (Scheme 57). 
Scheme 57 
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Starting material 79 was not detected by use of Route 1, unlike the case with 
phenylphosphirane. Given these precedents, it was envisaged that 1-phenylphosphirane could be 
prepared free from phenylphosphine via dilithium phenylphosphide 81 and 1,2-dichloroethane 
(Scheme 58). 
... 
Scheme 58 
2 n-BuLi 
.. 
Cl~Cl PhP(] 
81 77 
Literature preparations of dilithium phenylphosphide include the reaction 
between dichlorophenylphosphine and lithium metal,148 and the treatment of 
phenylphosphine with phenyllithium.78 A modification of the latter preparation was 
employed by us wherein dilithium phenylphosphide was synthesised by adding 2.2 
equiv. n-BuLi to an n-hexane solution of phenylphosphine at 0 °C. A bright yellow 
96. 
precipitate formed immediately in this reaction. The dilithium phenylphosphide was 
allowed to settle in the flask; the mother liquor appeared clear but deep brown in colour. 
The 31p NMR spectrum of the mother liquor (C6D6 internal reference) contained a 
sharp singlet at -112.4 ppm (IIJPHI = 162.5 Hz). This peak was attributed to lithium 
phenylphosphide. The literature value for solvated lithium phenylphosphide in 
tetrahydrofuran is -144.2 ppm (IIJPHI = 163.0 Hz).81 Despite the slight excess of base 
used, some lithium phenylphosphide remained in solution. The separation of the 
phosphides was achieved by filtration followed by thorough washing of the dilithium 
phenylphosphide with n-hexane. After drying in vacuum, the yellow cake of 81 when 
weighed corresponded to 110-120% yield with respect to phenylphosphine starting 
material. No such phenomena was reported by Issleib and co-workers in their preparation 
of 81 using phenyl lithium. 78 
Because of its extreme sensitivity to air and poor solubility, the phosphide was 
not fully characterised. Nevertheless, it is stable for several days under argon. 
A suspension of 81 in tetrahydrofuran at -78°C was treated with 1 equiv. of 
1,2-dichloroethane. The alkylating agent was added quickly with rapid stirring. 
Following the addition of the 1,2-dichloroethane, the cold bath was removed and the 
reaction mixture was allowed to warm to room temperature, whereupon it was stirred for 
97. 
18 h. During this period, the yellow material dissolved and a light yellow solution 
containing lithium chloride appeared. Removal of solvent in vacuo left a milky, gelatinous 
residue. This was extracted with petroleum spirit (bp 60--80 °C) and the extract was 
filtered to separate lithium chloride. Removal of solvent from the filtrate left a pale yellow 
oil. The 31 P { 1 H} NMR spectrum of the oil contained, amongst other signals, a singlet at 
- 236 ppm due to I-phenylphosphirane. Phenylphosphine was not detected. Integration of 
the spectrum indicated that the amount of I-phenylphosphirane with respect to other 
products was ca. 40%. 
Purification of I-phenylphosphirane was achieved by vacuum distillation. The 
distillation proceeded smoothly, giving a 21 % yield of pure product with respect to 1,2-
dichloroethane. The 31 P { 1 H}, 13C { 1 H} and 1 H NMR spectra of the distilled compound 
compared closely to literature values (Figure 29).143,149 
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Figure 29. NMR spectrum of I-phenylphosphirane: (a), 1 H spectrum. 
.......... 
' ,-
i itt Itt ttl t t ttl t t t tl t t ttl t t ttl t t ttl t t ttl t t ttl t t t tl t t ttl t t ttl t t ttl iii iii' , ii' , 
1<49 lJ9 129 119 199 99 89 79 69 59 <49 J9 29 19 pp. 
i I , I 
J 99 299 
t I 
199 
(b) 
I 
9 
(c) 
iii 
- 199 
iii 
-299 
, I ' i 
-J99 pp. 
Figure 29. NMR spectra of I-phenylphosphirane: (b), 13C{ IH} spectrum; 
(c), 31p{ IH} spectrum. 
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Continued distillation of the crude product at temperatures up to 170 °C (0.05 
mmHg) gave a distillate that partially crystallised upon cooling. The 31p{ 1H} NMR 
spectrum of this fraction contained peaks downfield with respect to those of 1-phenyl-
phosphirane. These peaks were observed in the crude mixture before distillation and 
consequently could not be products due to thermal decomposition. The mass spectrum of 
the high boiling fraction contained peaks at m/e 272.3 and 352.3 a.m.u. which can be 
attributed to the known compounds 1 ,4-diphenyl-1 ,4-diphosphorinane, 46, and 1,2,3-
triphenyl-1,2,3-triphospholane, 82, respectively (Figure 30). The NMR data compared 
favourably with the literature values for the 31p{ 1H} NMR spectra for 4670 and 82150 
(Figure 31), where 46 gives rise to a doublet at 26.7 ppm and 82 to an AB2 coupled 
system. 
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Figure 31. 31p{ IH} NMR spectrum of high-boiling fraction containing 46 
and 82. 
The phosphorinane 46 can arise by an intetmolecular dimerisation of lithium 
(2-chloroethyl)phenylphosphide, 83, or from dilithium bis(phenylphosphido)ethane as indicated 
in Scheme 59. 
Scheme 59 
PhPLi2 + Cl~Cl ~ Ph(Li)P~Cl + LiCl 
81 83 
Ph(Li)P~Cl ;-\ 2 LiCl 2 ~ PhP~PPh + 
83 46 
The relatively high yield of triphospholane 82 was unexpected. T~o possible 
pathways to 82 are the following: (a), bis(phosphide) 84 in the bulk dilithium 
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phenylphosphide reacts with the alkylating agent to generate the triphospholane 82 
(Scheme 60); and (b), the intermediate lithium (2-chloroethyl)phenylphosphide 83 could 
undergo a series of ~elimination reactions as indicated in Scheme 61 to produce the 
bis(phosphide) 84, which reacts with 1,2-dichloroethane to give 82. 
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Explanation (b) is favoured. A ~halogen is an excellent leaving group and the 
formation of a P-P bond in the case of 85 is accompanied by elimination of ethylene 
(Scheme 62).151 Further support for this explanation was the observation that the 
dilithium phosphide upon treatment with 1,3-dichloropropane did not yield the 
corresponding six-membered triphosphorinane 97. 
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Scheme 62 
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LiBr .. PhP-PPh + 
(J 
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85 
1-Phenylphosphirane is a colourless oil that can be kept under an inert 
atmosphere at 5 °C for up to 6 weeks. No physical change was observed during that 
period and the 31 P { 1 H} NMR spectrum of the compound in (#)6 was indistinguishable 
from a freshly distilled sample. Indeed, 1-phenylphosphirane can be heated in a sealed 
NMR tube in p-xylene-dl0 at 120°C for 60 min with only slight decomposition (Figure 
32a). Interestingly, one of the decomposition products is phenylphosphine, identified as 
the singlet at -123 ppm. The high thermal stability of 1-phenylphosphirane runs contrary 
to the claims that bulky substituents are needed to stablilise three-membered rings of this 
type. 147,152 
Nevertheless, 1-phenylphosphirane does not survive UV irradiation for 60 min 
in benzene (Figure 32b). Under these conditions, decomposition of the three-membered 
ring is almost complete and the 31 P { 1 H} NMR spectrum of the irradiated material 
contains peaks identical to those observed in the thermal decomposition. The major 
difference is that the amount of phenylphosphine formed in the irradiation is less. 
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Figure 32. (a) 31p{ IH} NMR spectrum of 77 after 60 min at 120°C; 
(b), 31p{1H} NMR spectrum of 77 after UV irradiation for 60 min. 
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4.5 Synthesis of Metal Template for Cyclo-trimerisation of I-Phenylphosphirane 
For of the template cyclo-oligomerisation required, the reaction shown in 
Scheme 63 was chosen. Of the Group VIB metals, molybdenum presents the best 
opportunity for ultimate removal of cyclised products. Treatment of mesitylene complex 
86153 with a slight excess of I-phenylphosphirane at room temperature for 20 h, 
followed by heating of the reaction mixture under reflux in benzene for 150 min, gave 
Jac-(tricarbonyl)tris(1-phenylphosphirane)molybdenum(O), 87. The reaction was 
monitored by 31p{ 1H} NMR spectroscopy by the disappearance of the I-phenyl-
phosphirane signal at -236 ppm and the appearence of a sharp singlet at -162.2 ppm for 
the complex 87. 
Scheme 63 
5c::LJ>-
I 
Mo.. + 3 PhP<J 
/ \"'IIICO CO 
CO 
86 77 87 
The reaction proceeded smoothly with no other species being observed in the 
various 31p{ 1H} NMR spectra recorded during the reaction. Upon completion, the 
product was chromatographed through a short column of silica using benzene as the 
eluant. Recrystallisation of the compound from hot toluene afforded off-white crystals of 
pure 87 in 70% yield. The 1 H NMR spectrum of 87 was similar to that of uncomplexed 
I-phenylphosphirane, but the signals were broader, and had additional multiplicity due to 
coupling to neighbouring phosphirane-P nuclei. Both the 13C{ 1H} and 1H NMR spectra 
indicated slight downfield shifts; on the other hand, the 31 P { 1 H} NMR spectrum 
displayed a large (ca. 72 ppm) downfield shift of the phosphorus resonance upon 
complexation. The FAB-mass spectrum contained a peak at mJe 590 a.m.u. for the 
molecular ion (Figure 33). The microanalytical data for 87 were satisfactory. 
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Several recrystaliisations of 87 from tetrahydrofuran-diethy 1 ether mixture 
afforded colourless rhombohedral single crystals suitable for X-ray crystal structure 
analysis. Complex 87 crystallised in the trigonal space group P3. The structure was 
solved using Patterson methods by Dr A. C. Willis of the Research School of Chemistry. 
Table II lists selected bond distances and angles with ORTEP plots of 87 depicted in 
Figures 33 and 34. 
106. 
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Table II. Selected Interatomic Distances (A) and Angles C) for (87) 
with Estimated Standard Deviations in Parentheses a 
Mo-P 2.4945(6) C(4)-C(5) 1.394(3) 
Mo-C(1) 1.974(2) C(4)-C(9) 1.388(3) 
P-C(2) 1.826(3) C(5)-C(6) 1.380(3) 
P-C(3) 1.820(2) C(6)-C(7) 1.380(3) 
P-C(4) 1.818(2) C(7)-C(8) 1.356(4) 
C(1)-O 1.156(2) C(8)-C(9) 1.386(3) 
C(2)-C(3) 1.509(5) C(2) ... C(3)' 3.879(7) 
P-Mo-C(I) 88.07(7) P-C(2)-C(3 ) 65.36(18) 
P-Mo-P' 93.04(3) P-C(3)-C(2) 65.75(15) 
P-Mo-C(I)' 88.23(12) P-C(4)-C(5) 119.22(13) 
P-Mo-C( 1) II 178.28(6) P-C( 4 )-C(9) 122.33(19) 
C( 1 )-Mo-C( 1)' 90.65(10) C(5)-C(4)-C(9) 188.33(19) 
Mo-P-C(2) 130.36(9) C(4)-C(5)-C(6) 120.75(19) 
Mo-P-C(3) 132.95(12) C(5)-C(6)-C(7) 119.67(26) 
Mo-P-C(4) 117.22(7) C(6)-C(7)-C(8) 120.32(23) 
C(2)-P-C(3) 48.88 (16) C(7)-C(8)-C(9) 120.61(21) 
C(2)-P-C(4) 104.11 (13) C(4)-C(9)-C(8) 120.28(24) 
C(3 )-P-C( 4) 104.59(12) 
Mo-C(I)-O 180.00(27) 
a Primes(') indicate atoms generated by the symmetry operation (1-y, 1 +x-y, 
z); double primes (") indicate atoms generated by the symmetry operation 
(-x+y, I-x, z). 
('I') 
() 
L() 
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Figure 34. Molecular structure of 87. Ellipsoids show 50% probability 
levels. Atom labelling corresponds to Table II. Hydrogen atoms are omitted for 
clarity. 
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Figure 35. A view of 87 down the C 3 axis. 
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The geometry around molybdenum in 87 is a distorted octahedral. The molecule 
has C3 symmetry with angles P-M<r-C(I) 88.07 0, P-M<r-P' 93.04 0, and C(I}-M<r-
CO), 90.65 0. Of particular interest in this complex is that the phenyl groups are syn with 
respect to the carbonyl groups. This conformation appears ideal for cyclo-oligomerisation 
as model studies of coordinated 1,4,7-triphenyl-l,4,7-triphosphacyclononane indicate a 
syn relationship between the phenyl groups and the carbonyls. In the crystal structure, the 
interatomic distance between C(2) ... C(3)' is 3.879 A. 
In the complex, the M<r-P bond lengths of 2.49 A are somewhat longer than the 
M-P bond lengths of 2.45 and 2.48 A reported for substituted phosphirane complexes 
88154 and 92,144 respectively. The P-Cring distances in 87 are 1.826 and 1.820 A; the 
C(2}-C(3) distance is 1.509 A. These values compare well with similar lxmd lengths in 
other phosphirane complexes. A comparison of the bond lengths for the phosphirane ring 
to other structurally determined compounds such as 74,159 88,154 89,155 90, 156 91, 157 
92,144 and 93158 is given in Table III. The R factor for 87 was 0.025. 
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Table III. Comparison of Bond Lengths and Angles in Phosphiranes 
Compound Bond lengths (A) Bond angles CO) 
P-C C-C P-R C-P-C C-P-R P-C-C 
87 1.826 1.509 1.818 48.88 104.11 65.36 
1.820 (P-C) 104.59 65.75 
\7 1.867 1.502 1.428 47.4 95.2 66.3 P 
I 
H 
(P-H) 
74 
\7 1.78 1.49 2.307 49.2 102.6 64.6 
,P",- 104.3 66.2 (CO)sW CI 
88 
(MehSi Ph 
(MehSi~Ph 1.87 1.56 49.0 110.6 1.89 115.1 P 
I 
Ph 
89 
Ph 
~ 
,/N, 1.87 1.52 1.72 47.8 88.2 65.7 P N 
Ph~ 1.88 (P-N) 101.1 66.5 
Pli Me 
90 
1.813 1.460 1.951 47.1 105.8 
1.842 (P-C) 108.9 
P 
I 
R 
R = Ph2C(Cs14N-2) 
91 
(Me)3Si Si(Me)zCl 
\-f-Si(Me)3 1.797 1.559 1.818 51.1 112.7 63 .7 
MeI\.A1C13 1.820 113.9 65 .2 
92 
\1 p Me M 1.80 1.49 1.667 48.5 65 .3 
(CO)sW D e 1.82 (P-N) 66.2 
Me 
Me 
93 
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4.6 Synthesis of I-Phenylphosphetane 
The successful synthesis of I-phenylphosphirane from dilithium phenyl-
phosphide prompted an investigation of the synthesis of the four-membered I-phenyl-
phosphetane. Approaches to the synthesis of phosphetane rings include the treatment of 
substituted alkenes with RPCh·AlC13 adducts,l60 insertion of phosphenium cations 
(R2P+) into carbon-carbon bonds of cyclopropanes, 161 and [2+2] cycloadditions 
between phospha-alkene complexes and activated 01efms.162 These syntheses afforded 
highly substituted ring systems with phosphorus in the +5 oxidation state. The frrst 
phosphetane to be synthesised without any substitutent in the ring was by the iron(II) 
facilitated synthesis indicated in Scheme 64.163 It was not possible to displace the 
phosphetane in 94 from the metal, however. 
Scheme 64 
Br(CH2hBr 
2DBU 
94 
Treatment of a suspension of dilithium phenylphosphide in tetrahydrofuran at 
-78°C with 1,3-dichloropropane afforded I-phenylphosphetane. As for the 
corresponding phosphirane, the addition of the alkylating agent was carried out rapidly 
with efficient stirring to promote dissolution of phosphide 81. Following the addition of 
1,3-dichloropropane, the cooling bath was promptly removed and the reaction mixture 
11 2. 
was allowed to warm to room temperature with stirring being continued for 18 h. During 
the period the colour changes were similar to those observed in the I-phenylphosphirane 
synthesis. Removal of solvent left a pale yellow, gummy residue. The 31p{ IH} NMR 
spectrum of the crude material displayed only two major signals: a sharp singlet at 13.9 
ppm and a broader singlet at -27.7 ppm. The ratio between the high and low field signals 
was ca. 3: 1. As with the synthesis of I-phenylphosphirane from 81, the product is 
expected to be a mixture of I-phenylphosphetane 95 and the eight-membered ring 96 
(Scheme 65). The triphosphorinane 97 was not observed in the mass spectrum of the 
product, thus eliminating the notion of diphosphide 84 existing in dilithium 
phenylphosphide. 
1 'I" 
300 200 :00 
Figure 36. 31p{ IH} NMR spectrum of crude I-phenylphosphetane. 
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Scheme 65 
CI~CI 
~ + 
81 95 96 
Ph 
I 
Ph" /' P" /' Ph P P 
I I 
Li Li 
84 97 
The eight-membered heterocycle 96 (Scheme 65) is available as a cis/trans 
mixture l64 and displays two singlets in the 31p{ IH} NMR spectrum at -20.3 and -22.9 
ppm, but these peaks were not observed in the product. A vital clue concerning the 
identity of the high field peak in the product came from a report concerning phosphetane 
polymerisation. A sample of neat 2,2,3-trimethyl-l-phenylphosphetane was observed to 
become viscous over time due to polymerisation.16Oc Decomposition/polymerisation of 
I-phenylphosphetane would result in poly(1-phenylphosphinopropylene) 99. This 
polymer has been prepared in two steps by the cationic polymerisation of 2-phenyl-l,2-
oxaphospholane, to give the polymeric phosphine oxide 98, followed by reduction to the 
poly (Phosphine) 99 (Scheme 66).64 This preparation gave a product with a 31p{ IH} 
NMR spectrum observed as a singlet at -26.8 ppm, which corresponds favourably with 
the high field peak observed in the present synthesis. 
Scheme 66 
n Ph-(J ~~ P" Ph 
98 
----~ tl 
Ph 
99 
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The preparation of poly(1-phenylphosphinopropylene) by the condensation-
polymerisation of dilithiated phosphides with 1,3-dichloropropane and by the Michael 
addition of phenylphosphine to bis(allyl)phenylphosphine was reported recently. 165 The 
polymer obtained from both syntheses had a 31p{ 1H} NMR peak at ca. -27.2 ppm. No 
indication of 1-phenylphosphetane was observed in this work. 
With the identity of the compound responsible for the peak at -27.7 ppm in the 
3Ip{lH} NMR spectrum established, the peak at 13.9 ppm was tentatively assigned to 
1-phenylphosphetane. In comparison, 1-phenyl-2,2,3,3-tetramethylphosphetane 100 has 
a 31p{ 1H} NMR peak at 8.5 ppm,l66 while 101 and 102 have peaks at 47.4 and 39.5 
ppm, respectively. 167 
Me Me 
100 101 102 
Isolation of 1-phenylphosphetane from the crude mixture was done by extraction 
with petroleum spirit (bp 40-60 °C). After filtration and removal of solvent, the extract 
left a thick oil. The 31PPH} NMR spectrum of this material showed 1-phenyl-
phosphetane and polymer 99 in the ratio of 5:4. The material from the extract was more 
mobile than the original material.and subsequent distillation afforded a colourless oil, bp 
63°C, 0.05 mmHg. The distillate was slightly turbid and the ratio between 1-phenyl-
phosphetane and polymer was ca. 4: 1. Although the amount of 1-phenylphosphetane in 
the mixture was now higher, a subsequent distillation did not improve the situation. 
Moreover, the degree of polymerisation increased with time for the neat product. An 
enriched mixture of the phosphetane over polymer in benzene, however, indicated little 
change over several days. 
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4.7 Synthesis of Complexes of 1-Phenylphosphetane 
Since 1-phenylphosphetane could not be obtained in better than 80% purity by 
distillation, the enriched mixture was used to prepare a metal complex. Ideally, a metal 
complex should fulfil two roles: 
(a), it should form stable, characterisable complexes that should not ring-open 
until initiated; and 
(b), liberation of 1-phenylphosphetane under specific conditions should be 
possible, making the complex a good storage facility until required. 
4.7.1 Palladium(ll) complexes 
Palladium forms stable phosphine complexes in which the phosphines can be 
liberated with cyanide.112 Thus, a palladium(ll) derivative of 1-phenylphosphetane 
would be convenient material for the storage of 1-phenylphosphetane. Treatment of a 
sample of the distilled 4: 1 mixture of 1-phenylphosphetane and polymer with a benzene 
solution of trans-dichlorobis(diethylsulfide)palladium(ll)168 gave an immediate orange-
yellow precipitate. Characterisation of the precipitate by NMR spectroscopy was difficult 
because of the low solubility of the complex in most solvents. The 31p{ IH} NMR 
spectrum of the clear mother liquor, however, revealed only 1-phenylphosphetane 
present, suggesting that the polymer had selectively complexed with palladium. It was 
found subsequently that the separation of the phosphetane from polymer is conveniently 
achieved by the addition of a small quantity of trans-dichlorobis(diethylsulfide)-
palladium(ll) in benzene to a solution of the phosphetane/polymer mixture in the same 
solvent. 
It is difficult to determine the amount of complex required to separate the 
phosphetane/polymer mixture. The ratio of monomer to polymer in the original mixture 
can be estimated by integration of the 31 P { 1 H} NMR spectrum. Selective precipitation 
and removal of polymer can also be monitored by this method. To date, the best method 
we have found to monitor the removal of polymer is to add small aliquots of a benzene 
solution of the palladium(II) complex to the phosphine mixture and to monitor the 
removal of polymer in the suspension by 31p{ IH} NMR spectroscopy (Scheme 67). 
Scheme 67 
Ph-PO + 
95 
n 
99 
+ 
Ph-PO 
95 
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The mass spectrum of a pure sample of I-phenylphosphetane contained a 
molecular ion peak at m/e 150 a.m.u. The 31p{ IH} NMR spectrum in (#)6 contains a 
sharp singlet at 13.9 ppm while the 13C{ IH) NMR spectrum contains the two methylene 
carbon signals at 22.42 and 24.77 ppm for Ca and Cp, respectively (Figure 37). 
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Figure 37. (a) 31p{ IH} NMR spectrum of 95. 
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Figure 37. (b), IH NMR spectrum of 95; (c), 13C{ IH} NMR spectrum of 
95 . 
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In a discussion on the 13C { 1 H} NMR spectra of heterocyclic phosphines by 
Gray et ai., 149 the shielding effect of the yinteractions of the methyl CA on the methylene 
C1 in phosphetane 103 was discussed. The 13C{ 1H} chemical shift for Cl for 103 was 
reported to be at 11.26 ppm, and it was anticipated that at least a 5 ppm shielding would 
be exerted by the methyl CA. As a result, they predicted a shift of 16 or 17 ppm for the 
Ca of the parent 1-phenylphosphetane. This prediction is erroneous as the Ca of 
1-phenylphosphetane resonates ca 11 ppm downfield as compared to C1 in phosphetane 
103. Nevertheless, the small positive one bond 13C_31p couplings previously observed 
in substituted phosphetanes was similarly found here for I-phenylphosphetane 95 
(Figure 38).149 I-Phenylphosphetane has a 11JCpI of 7.1 Hz. Although this value may be 
larger than the range of 11JcpI for substituted phosphetanes at 0.6-5.9 Hz, it is 
significantly smaller compared to the coupling constants of larger phosphorus 
heterocycles. The 12JCpI for 95 was found to be 3.0 Hz and is also comparable to the 
range of 1.0-5.9 Hz for substituted phosphetanes. 
103 
1 C 1 = 11.26 ppm I Jepl = 2.2 Hz 
1 Cl = 28.74 ppm I Jepl = 0.6 Hz 1 Cl = 34.8 ppm I Jepl = 4.4 Hz 
2 C3 = 37.68 ppm I Jepl = 1.0 Hz 2 C3 = 40.16 ppm I Jepl = 3.9 Hz 2 C3 = 43.04 ppm I Jepl = 5.0 Hz 
1 Cl = 34.52 ppm I Jcpl = 2.6 Hz 
2 C3 = 49.70 ppm I Jcpl = 5.9 Hz 
~5 
C3 Cl P I 
Ph 
1 Cl = 30.22 ppm I Jcpl = 5.9 Hz 
2 C3 = 54.02 ppm I Jcpl = 2.7 Hz 
Figure 38. Selected 13CPH} NMR chemical shifts and coupling constants for 
substituted phosphetanes. 
With pure I-phenylphosphetane in hand, further attempts were made to 
synthesise a sample palladium(ll) complex. In spite of the many attempts, however, a 
complex of the type [pdC12L2] could not be isolated. 
4.7.2 Molybdenum(O) complex of I-phenylphosphetane 
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A mixture of I-phenylphosphetane and polymer in 70:30 ratio was added to 
tricarbonyl(mesitylene)molybdenum(O) in benzene (Scheme 68).153 A slight excess of the 
phosphine was employed to ensure complete consumption of the mesitylene complex. 
Since heating expedites polymerisation of the phosphine, the reaction mixture was stirred 
under an inert atmosphere at room temperature (18 °C) for 18 h, giving a colourless 
solution. Removal of solvent from the solution resulted in a clear, colourless residue, 
which, after chromatography through a short column of silica gel with dichloromethane 
as eluant, afforded colourless crystals after recrystallisation from a tetrahydrofuran-
diethyl ether mixture. 
Scheme 68 
3:~>­
I 
Mo + 3 Ph-P~ /"" \ " "I/I/CO ~
CO 
CO 
86 95 
-----~ (COhMo {(CH2hP(C~5) } 3 
104 
No polymer-molytxlenum complex precipitated during the reaction, unlike the 
situation with the palladium(ll) complex. In monitoring the reaction by 31 P { 1 H} NMR 
spectroscopy, the disappearance of I-phenylphosphetane from the solution was 
accompanied by the emergence of a sharp singlet at 64.4 ppm with a minor sextuplet 
centered around the singlet due to one bond coupling from magnetically active 95Mo 
which exists in 15% natural abundance. 169 Consumption of the polymer took place at a 
slower rate and after ca. 18 h neither free I-phenylphosphetane nor polymer remained in 
the reaction mixture. 
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The 13C{ 1H} NMR spectrum of the purified complex 104 contained multiplets 
at 28.52 and 24.46 ppm for Ca and C{3, respectively, only slightly deshielded from the 
position of the same nuclei in the free phosphetane. The mass spectrum of the complex 
contained a molecular ion at m/e 630.5 a.m.u. The microanalytical data for the complex 
were satisfactory. 
A number of crystal structure determinations have been performed on 
phosphetane ring systems. 170a-1 The structures determined, however, were of 
compounds highly substituted in the heterocyclic ring and most were of phosphine oxides 
with a bulky substituent on phosphorus. The only structures of phosphetanes on metal 
fragments are those determined for 94163 and 105.171 
94 
co- e/"CO 
\ 
co 
~"1:Ph 
105 
A single crystal of [Mo(CO)3{P(C3H6)(C6HS) }3] was found to be almost 
spherical with a cubic cell of Laue m3m symmetry. The structure was solved using 
Patterson methods by Dr A. C. Willis of the Research School of Chemistry. Table IV 
lists a selected number of bond distances and angles with the ORTEP plot of 104 
illustrated in Figures 38 and 39. 
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Table IV. Selected Interatomic Distances (A) and Angles C) for (104) 
and Estimated Standard Deviations in Parentheses a 
Mo-P 2.502(1) C(5)--C(6) 1.380(7) 
Mo-C(l) 1.971 (5) C(5)--C(10) 1.396(7) 
P--C(2) 1.850(6) C(6)--C(7) 1.386(8) 
P--C(4) 1.861(6) C(7)--C(8) 1.367(10) 
P--C(5) 1.830(4) C(8)--C(9) 1.360(9) 
C(l)-O 1.156(6) C(9)--C( 10) 1.396(8) 
C(2)-C(4) 1.481 (10) 
C(3)-C(4) 1.528(10) C(2) ... C(4)' 5.127(7) 
P-Mo-C(l) 89.48(15) P-C(2 )--C(3) 90.9(4) 
P-M o-P , 96.12(4) C(2)--C(3)--C(4) 100.6(6) 
P-Mo-C(1)' 83.81(13) P-C(4)--C(3) 89.1(4) 
P-Mo-C( 1) II 174.37(15) P-C(5)--C(6) 121.4(3) 
C(l)-Mo--C(1)' 90.55(20) P-C(5)C(10) 120.0(4) 
Mo-P--C(2) 120.84(17) C(6)--C(5)--C( 10) 118.5(4) 
Mo-P--C(4) 118.36(18) C(5)--C(6)--C(7) 120.6(5) 
Mo-P--C(5) 123.83(14) C(6)--C(7)--C(8) 120.2(5) 
C(2)-P--C(4) 77.2(2) C(7)--C(8)--C(9) 120.6(6) 
C(2)-P--C(5) 103.2(2) C(8)--C(9)--C( 1 0) 119.9(6) 
C(4)-P--C(5) 103.1(2) C(5)--C(10)--C(9) 120.2(5) 
Mo-C(l)-O 177.8(5) 
a Primes(') indicate atoms generated by the symmetry operation (z, x, y); 
double primes (") indicate atoms generated by the symmetry operation 
(y, z, x). 
C 1 " 
C1 
Figure 39. Molecular structure of 104. Ellipsoids show 50% probability 
levels. Atom labelling corresponds to Table IV. Hydrogen atoms ~e omitted 
for clarity. 
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Figure 40. Molecular structure of 104 viewed down the C3 axis. 
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The complex 104 is the second 1-phenylphosphetane complex to be structurally 
characterised. The P-C distances of the four-membered rings of 104 range from 
1.85-1.86 A, which are slightly less than the sum of the covalent radii (1.87 A). Slightly 
shorter P-C bonds (as low as 1.78 A)170h and longer P-C bonds (as high as 1.94 A)1701 
have been reported previously. The C-C distances of 1.48 and 1.53 A are significantly 
shorter than those in 105,171 which were 1.55/1.55, 1.54/1.51 A, and 1.49/1.60, 
1.58/1.51 A in 94. 163 In contrast, an elongation of the C-C bonds in the four-membered 
ring is common in many substituted phosphetanes. 170a,b,1 The Mo-P distance in 104 is 
2.5 A, which is of the same order as the Mo-P bond length in the phosphirane complex 
87. This distance is longer than the sum of the covalent radii for Mo and P (2.35 A). 
Structure 104 differs from all other structures previously determined by the 
unusually large thermal elipsoid for C(3). The displacement factor for C(3) shows an 
elongation orthogonal to the C(2), C(3), C(4) plane, suggesting that this atom may be 
disordered over two or more sites. In order to test the occupancy of the two isotropic 
sites, a model with two sites labelled C(3A) and C(3B) was created. The occupancy was 
respectively, p and 1-p for one above and one below the plane. During least-squares 
refinement, the bond lengths from C(3A) and C(3B) to C(2) and C(4) were maintained 
equal. The final coordinates for C(3A) were 0.2990(4) 0.5741(4) 0.4134(3) with 
occupancy 0.73(1), and for C(3B) they were 0.2815(5) 0.5439(12) 0.4074(5) with 
occupancy of 0.27(1). The position for C(3A) was displaced 0.43(1) A from the plane 
described by P, C(2) and C(4), on the far side from Mo while C(3B) was displaced 
-0.38(3) A from this plane. This model showed no significant improvement over the 
ordered representation, suggesting that C(3) is not simply statically disordered over two 
sites, but is dynamically moving over a whole range. The R factor for 104 was 0.030. 
The internal bond angle of C(2)-P-C(4) is 77.2 0 compared to 76.6 0 and 77 0 
for the same angle in 94 163 and 78.2 0 and 79.2 0 for 105. 171 The geometry around 
phosphorus is distorted from ideal tetrahedral and to compensate for the angle 
compression in the four-membered ring, the Mo-P-C(5) angle opens up to 123.83 o. The 
L.:.... 
125. 
angle C(2)-C(3)-C(4) at 100.6 0 is decidedly smaller than the same angle in 105 
(101.6/102.9 0).171 The puckering of the phosphetane ring in the complex, defined as the 
angle between the two planes C(2)-P-C(4) and C(2)-C(3)-C(4) is 16.18 0 compared to 
the values of 18.0/24.0 0 for 94163 and 20.3/6.1 0 for 105. 171 The extent of puckering 
has been related to the number of interactions between substituents located at adjacent ring 
atoms and cis to each other. 170h,i Crystallographic data for an increasing number of 
phosphetane derivatives showing a variety of substitution patterns, however, indicate no 
simple correlation between ring substitution and ring-puckering,170h and besides, crystal 
packing forces may also play an important role in ring-puckering. 171 
4.8 Attempted Synthesis of 1-Phenylarsetane 
1-Phenylarsetane 106 has been previously synthesised by the following route 
(Scheme 69).172 It was described as a colourless oil having bp 104-108 °C at 0.5 
mmHg. No mention of polymerisation of the monomer was made in this paper. 
Scheme 69 
Ph(Me)AsNa Cl~Cl 
- NaCl 
- MeBr 
NaI 2 Na/THF 
ocetone 
-Nal 
Ph-AS~ 
- NaBr - NaCl 
106 
Dilithium phenylarsenide 107 was prepared by adding 2.2 equiv. n-BuLi to a 
solution of phenyl arsine in n-hexane. A reddish-yellow precipitate of the arsenide 107 
appeared instantly. The fine precipitate was then filtered, washed with n-hexane to 
remove any lithium phenylarsenide and fmally dried under vacuum to give a yield of 
dilithium phenyl arsenide of 112%. Dilithium phenyl arsenide has been previously 
prepared from dichlorophenylarsine and lithium metal, as a red solution in 
tetrahydrofuran. 173 
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Treatment of the arsenide with 1,3-dichloropropane (Scheme 70) under similar 
conditions to those reported for 1-phenylphosphetane gave a pale yellow solution from 
which salts were removed by filtration. Removal of solvent from the reaction mixture left 
a gelatinous product that was extracted with petrol (bp 60-80 °C). Vacuum distillation of 
the extract after removal of solvent afforded a few of drops of distillate. The IH and 
13C { 1 H} NMR spectra of the distillate are shown in Figure 41. In contrast to the reported 
IH NMR data,172 additional multiplets appeared in the spectrum at ca. 2.0 and 2.9 ppm. 
Similarly, the 13C{ IH} NMR spectrum of the distillate contained more peaks in the 
aliphatic region than could be accounted for by the presence of 1-phenylarsetane alone. It 
was evident that a considerable degree of polymerisation had taken place, but it could not 
be monitored conveniently by 1 H NMR spectroscopy. 
Scheme 70 
PhAsLi2 Cl~Cl Ph-7\S~ 
107 106 
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Figure 41. NMR spectra of 106: (a) IH spectrum; (b), 13C{ IH) spectrum. 
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In order to fully establish the existence of I-phenylarsetane, a derivative of the 
heterocycle was required. The derivative in mind was the iron-arsetane complex 108, 
which had been synthesised on the metal template by the following route described in 
Scheme 71.163 Accordingly, treatment of the distillate obtained from the dilithium 
arsenide reaction with 1,3-dichloropropane with (R*,R*)-(+)-[(1JS-CsHs){ 1,2-C@-4-
(pMePh)2}Fe(NCMe)]PF6121 in hot methanol under reflux for 18 h gave an orange-brick 
coloured solution. Analysis of the solution by 31 P { 1 H} NMR spectroscopy showed it to 
be identical with a sample synthesised by the template method given in Scheme 71. 
Because of limited time, however, further work on this topic was discontinued. 
Scheme 71 
PhAs(H)(CH2hCI 
~ 
MeOH 
THF 
108 
4.9 Conclusions 
Although the original objective of the work was to investigate ring-opening 
reactions of I-phenylphosphirane in metal complexes leading to phosphorus macrocycles, 
the difficulty in isolating pure I-phenylphosphirane by the literature method held up the 
project. Eventually, this problem was solved by synthesising the heterocycle from 
dilithium phenylphosphide, which resulted in a product free of phenylpho~phine. From 
that point onwards, the emphasis of the investigation changed its focus and was directed 
towards synthesising small-ring heterocycles of phosphorus and arsenic that were not 
substituted in the heterocyclic ring. Further success was met with the synthesis of the 
hitherto unknown I-phenylphosphetane by a similar methodology. 
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Polymerisation of I-phenylphosphetane to poly(l-phenylphosphinopropylene) 
was found to take place under ambient conditions, especially when I-phenylphosphetane 
was stored neat. This process was viewed with mixed blessings because polymerisation 
meant that phosphetanes may be useful precursors of macrocycles, but pure I-phenyl-
phosphetane could not be stored without polymerisation. The serendipitous discovery that 
the polymer could be selectively precipitated by the addition of trans-dichlorobis(diethyl-
sulfide)palladium(ll) ahead of the phosphetane allowed the isolation and full 
characterisation of I-phenylphosphetane. I-Phenylphosphirane and I-phenylphosphetane 
were characterised by formation of tricarbonylmolytxlenum(O) complexes. The 
implications of crystal structure determinations on these complexes are that they may 
provide ideal templates for the synthesis of tri( tertiary phosphine) macrocycles. Unlike 
the three- and four-membered phosphorus heterocycles, synthesis of I-phenylarsetane 
from dilithium phenylarsenide was rather disappointing. Nevertheless, I-phenylarsetane 
was characterised by the fonnation of a known iron complex. 
EXPERIMENT AL 
"Why", said the Dodo, "the best way to explain it is to do it." 
-Lewis Carroll [Charles Lutwidge Dodgson] 
(1832-1898) 
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General 
All solvents and reagents were purified and dried according to the procedure of 
Perrin and Armarego. 174 Reactions unless otherwise stated were perfonned under an 
inert atmosphere (Nitrogen or Argon) with the use of Schlenk techniques as outlined by 
Shriver.175 Reaction temperatures quoted at -78°C, 0 °C, and 18°C refer to bath 
temperatures corresponding to dry ice-acetone, ice-water baths, and room temperature, 
respecti vel y. 
The petroleum ether used refers to the fraction bp 60---80 °C. Organic extracts 
were dried with anhydrous magnesium sulfate. The molarity of n-butyllithium (n-BuLi) 
was detennined by titration against diphenylacetic acid. 176 
Column chromatography was carried out using 230--400 mesh ASTM Kieselgel 
60, 70-230 mesh ASTM neutral Aluminum Oxide 90, Activity 1, and Florisil supplied by 
Merck. Preparative radial chromatography was carried out using a Chromatotron Model 
7924T (Harrison Research, Palo Alto, California) with Kieselgel 60 PF254 gipshaltig 
(Merck Art. 7749) as adsorbent. A 3 cm diameter column was used for column 
chromatography and the thickness of the adsorbent layer and the nature of the eluant are 
described in the experimental section. Analytical thin layer chromatography (TLC) was 
perfonned on aluminum plates precoated with Merck silica gel 60 F254 and visualised 
under ultraviolet light. Melting points were detennined on a Reichert hot-stage apparatus 
and all melting and boiling points reported are uncorrected. 
Ultraviolet photolyses were carried out with a Hanovia 125 W lamp in an 
immersion tube; photolyses with visible wavelength light were perfonned with a Philips 
300W lamp. 
1H NMR spectra were recorded on the following instruments: Varian XL-200E 
at 200 MHz, Varian Gemini-3oo at 300 MHz, Varian Gemini-3OOBB at 300 MHz, and 
Varian VXR-300S at 300 MHz. Tetramethylsilane or the solvent signal w~s used as the 
internal reference and all resonances are quoted in ppm. The following abbreviations were 
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adopted to indicate the multiplicity or shapes of signals: s (singlet), d (doublet), t (triplet), 
q (quartet), h (heptuplet), m (multiplet), bs (broad signal). The deuterated solvents used 
were degassed extensively by four freeze-pump-thaw cycles and stored over Linde 4 A 
molecular sieves to maintain the solvents water-free. The solvents used are as stated in the 
individual sections. 
13C{IH} NMR spectra were recorded on the following instruments: Varian 
XL-200E at 50.3 MHz, Varian Gemini-300 at 75.5 MHz, Varian Gernini-300BB at 75.5 
MHz, Varian VXR-300S at 75.4 MHz, and Varian VXR-500S at 125.7 MHz. The 
solvent signal or tetramethylsilane was used as an internal reference and resonances were 
quoted in ppm in terms of their multiplicity in the single off-resonance decoupled 
spectrum. 
31 P { 1 H} NMR spectra were recorded on the following instruments: Broker 
CXP-200 at 80.98 MHz, Varian XL-200E at 80.97 MHz, Varian Gernini-300BB at 
121.47 MHz, and Varian VXR-300S at 121.42 MHz. Spectra were referenced internally 
with respect to 85% H3P04 and all resonances are quoted in ppm. 
Infrared spectra were recorded on a Perkin-Elmer 683 spectrophotometer for 
samples in KBr discs or in the solvent as stated; absorptions are quoted in cm-1. The 
signals are described as s (sharp), m (medium), or b (broad). 
Mass spectra were recorded on a VG Micromass 7070F double-focussing mass 
spectrometer. The molecular ion (M+), if present, and other peaks of interest are reported 
together with the relative abundance. Fast atom bombardment (F AB) mass spectra were 
recorded on a ZAB2-SEQ spectrometer using 3-nitrobenzyl alcohol (3-NBA) as the 
matrix. Only the molecular ion (M+), if present, is quoted. 
Microanalyses were carried out by the Australian National University 
Microanalytical Service. 
X-Ray diffraction studies were carried out and the structures were solved by Dr 
A. C. Willis of the Research School of Chemistry. The cell dimensions were determined 
... 
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using a Rigaku AFC-6S diffractometer and further crystallographic data were obtained 
using a Philips PWll00/20 diffractometer equipped with a graphite monochromator and 
using MoK a radiation. 
Bis( 1 ,2-phenylphosphino )ethane,60,61 phenyldivinylphosphine,62 
bis[2-(diphenylphosphino)ethyl]phenylphosphine,57 diethyl magnesium, 178 
bromo(dicarbonyl)(175-cyclopentadienyl)iron(II),117 (175-cyclopentadienyl)(rf-toluene)-
iron(II) hexafluorophosphate,120 diphenylphosphine,73 bis(1,5-cyclooctadiene)-
nickel(O), 129 phenylphosphine,74 tricarbonyl(mesitylene)molybdenum(0),153 
trans-dichlorobis(diethylsulfide)palladium(II),l68 (R* ,R*)-(acetonitrile)-
(175-cyclopentadienyl)[1,2-phenylenebis(methylphenylphosphine)] iron (II) 
hexafluorophosphate,121 were prepared as described in the literature. 
Phenyldivinylphosphine 
This compound was prepared as described,62 with a modification to the 
procedure to improve the yield. A solution of vinyl bromide (115.2 g, 1077 nunol) in 
tetrahydrofuran (200 ml) was added to magnesium turnings (26.2 g, 1077 nunol) to 
generate the Grignard reagent. Upon formation, the vinylmagnesium bromide solution 
was added dropwise to a solution of dichlorophenylphosphine (50.7 g, 283 nunol) at 
-78°C and the mixture was allowed to warm up to room temperature over a period of 15 
h. The mixture was then treated with saturated ammonium chloride solution (200 ml) and 
the crude product was extracted into diethyl ether (3 x 200 ml). The organic extract was 
dried before removal of the solvent under reduced pressure. The pure phosphine was 
obtained by distillation: bp 42-45 °C (0.2 mmHg). Yield 23.1 g (50%). 31p{lH} NMR 
(80.97 MHz, CDC13): 8 - 15.66. 
Attempted synthesis of 1,4,7 -tri phenyl-l,4, 7 -tri phosphacyclo-
nonane (43). Reaction between bis(I,2-phenylphosphino)ethane and 
phenyldivinylphosphine. 
Method A : Radical-initiated reaction 
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Phenyldivinylphosphine (0.87 g, 5.36 mrnol) and bis(1,2-phenylphosphino)-
ethane (1.32 g, 5.36 mmol) were added to a Schlenk flask, together with a catalytic 
amount of 2,2' -azobis(isobutyronitrile) (AIBN) (16 mg, 0.1 mrnol) and the mixture was 
heated at 110 °C for 90 min. The product obtained had the following NMR spectra: 1 H 
(200 MHz, CDCI3): 8 1.3-2.9 (bs), 7.0-7.5 (bs). 13C{ IH} (50.3 MHz, C6D6): 824 
(bs, Calkyl), 127-139 (bs, Caryl). 31p{ IH} (80.98 MHz, CDCI3): 8 -16.5 (bs), -27.2 
(s). 
Method B: Base-catalysed reaction 
Phenyldivinylphosphine (0.42 g, 2.59 mmol) and bis-(1,2-phenylphosphino)-
ethane (0.64 g, 2.59 mmol) were dissolved in tetrahydrofuran (80 ml) and KOBul (60 
mg, 0.53 mmol) was added. The mixture was heated under reflux for 24 h, whereupon 
the solvent was removed under reduced pressure. The product obtained was similar 
spectroscopically to that obtained by the radical-initiated procedure. 
Radial chromatography of the product obtained by Method A and B 
The crude product (ca. 0.5 g) fonned by either Method A or B was radially 
chromatographed on a 2 nun plate of silica gel with 20% ethyl acetate-petroleum ether 
mixture to give a fme band with Rf 0.7 on the TLC plate. Removal of solvent resulted in 
an oil. Yield: 40 mg (8%). 31p{ IH} NMR (80.97 MHz, CDCI3): 8 -15.4 (s), -27.1 (s), 
-27.5 (s). Mass spectrum: m/e 408.0 a.m.u. (0.2%, M+, C24H27P3), 456.0 (0.2%, 
M++30). 
.-
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cisltrans-l,4-Diphenyl-l,4-diphosphorinane (46) 
A solution of bis(1,2-phenylphosphino)ethane (0.8 g, 3.25 mmol) in 
tetrahydrofuran (15 ml) was treated with n-BuLi (4.48 ml, 7.15 mmol) at -78 DC to fonn 
the yellow solution of the phosphide. The solution was then stirred for 30 min before 
vinyl bromide (2.69 g, 25.1 mmol) diluted in tetrahydrofuran (5 ml) was added to the 
phosphide solution. The mixture was allowed to wann to room temperature after the 
addition and a colour change to light brown with the precipitation of a white solid was 
observed. After 60 min, the reaction mixture was subjected to aqueous work-up and the 
crude product was extracted into diethyl ether (3 x 50 ml); the extract was dried before the 
solvent was removed under reduced pressure. Colourless crystals were obtained upon 
slow recrystallisation of the residue from dichloromethane-methanol mixture. Crude 
yield: 0.82 g (92.7%); mp 171-173 DC. Anal. Calcd. for CI6lI18P2: C, 70.6; H, 6.7; P, 
22.8. Found: C, 71.0; H, 7.5; P, 22.1. IH NMR (200 MHz, CD2CI2): B 1.2-2.4 (m, 8 
H, CH2), 7.1-7.6 (m, 10 H, ArH). 13C{ IH} NMR (50.3 MHz, CD2CI2): B 20.6 (m, 
CH2), 22.4 (m, CH2), 127.7-133.2 (m, ArC). 31p{ IH} NMR (80.97 MHz, CD2CI2): B 
-27.19 (s), -27.55 (s). Mass spectrum: m/e 272.1 a.m.u. (100%, M+). 
Dilithium bis[2-(phenyl phosphido )ethyl] phenyl phosphine (49) 
Method A 
Bis[2-(diphenylphosphino )ethyl]phenylphosphine (11.4 g, 21.3 mmol) was 
dissolved in dry tetrahydrofuran (250 ml). To this solution was added lithium wire (0.7 
g, 0.1 mol) and the mixture was stirred rapidly at room temperature for 24 h to generate 
the bis(phosphide). The conversion was monitored by sampling the reaction mixture at 
intervals and examining the 31p{ IH} NMR spectrum to ascertain production of 49. 
31p{ IH} NMR (121.47 MHz, internal lock: (#)6): B -21.61 (t, 1 P, /3Jpp/ = 52 Hz, 
PPh), -47.6 (d, 2 P, /3Jpp/ = 52 Hz, PLi). Lithium diphenylphosphide, a side product of 
the reaction, was detected as well. 31 P { 1 H} NMR resonance at B -59.6. 
.-
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Method B 
Bis[2-(phenylphosphino)ethyl]phenylphosphine (2.7 g, 7.06 mmol) (see below) 
was dissolved in tetrahydrofuran (125 ml) and n-BuLi (10.24 ml, 15.8 mmol) was added 
with stirring. The solution rapidly turned deep burgundy in colour and was stirred at 
room temperature for 15 min. The 31p{ IH} NMR spectrum of this phosphide was 
identical to that obtained by the treatment of bis[2-(diphenylphosphino)ethyl]phenyl-
phosphine with lithium in tetrahydrofuran. 
(R* ,R*)/(R* ,S*)-Bis[2-(phenylphosphino )ethyl]phenyl phosphine 
(48) 
Method A 
Dilithium bis[2-(phenylphosphido)ethyl]phenylphosphine, 49 was generated 
from bis[2-(diphenylphosphino)ethyl]phenylphosphine (11.4 g, 21.3 mmol) as described 
in Method A. Aqueous work -up of the deep burgundy coloured phosphide solution 
obtained followed by extraction into die thy I ether (3 x 150 ml) gave a light brown 
solution. The ether solution was dried and the solvent was removed under vacuum to 
afford a light brown oil: 8.25 g (100%). Anal. Calcd. for C22H25P3: C, 69.1; H, 6.6; P, 
24.3. Found: C, 70.8; H, 7.0; P, 24.5. IH NMR (200 MHz, CDCI3): 8 1.75 (m, 8 H, 
CH2), 4.14 (d, 2 H, 11JHPI = 210 Hz, PH), 7.28 (m, 15 H, ArH). 13C{ IH} NMR (50.3 
MHz, CDCl3): 818.8 (m, CH2), 25.8 (m, C1-I2), 127.6-137.0 (m, ArC). 3Ip{IH} 
NMR (121.42 MHz, CDCI3): 8 -18.05 (t, 13Jppl = 19.6 Hz, Pcentral), -18.52 (t, 13Jppl = 
19.1 Hz, P central), -18.98 (t, 13Jppl = 18.6 Hz, P central), -45.30 (d, 13Jppl = 18.6 Hz, 
Ptenninal), -45.34 (d, 13Jppl = 19.1 Hz, Ptenninal), -45.97 (d, 13Jppl = 19.7 Hz, 
Pterminal), -45.99 (d, 13Jppl= 19.7 Hz, Ptenninal). Mass spectrum: m/e 382.2 a.m.u. 
(6.2%, M+). 
Method B 
Bis[2-(diphenylphosphino)ethyl]phenylphosphine (0.34, 0.64 mmol) in 
tetrahydrofuran (50 ml) was added into a flask containing sodium (62 mg, 2.7 mmol) and 
doubly distilled liquid ammonia (120 ml) maintained at -78 °C. The deep blue colour of 
..... 
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the sodium in ammonia soon decolourised and turned orange as the phosphide was 
formed. The mixture was stirred for 4 h at -78°C before solid ammonium chloride (5 g) 
was added to terminate the reaction. Following the removal of liquid ammonia and an 
aqueous work-up, an oil was recovered whose spectra were identical to those obtained by 
Method A. Crude yield: 0.24 g (100%). 
Generation of disodium bis[2-(phenylphosphido)ethyl]phenyl-
phosphine and treatment with alkylating agents 
Method A: Addition of 1,2-dichloroethane 
Bis[2-(diphenylphosphino)ethyl]phenylphosphine (0.43 g, 0.8 mmol) in 
tetrahydrofuran (20 ml) was added to a solution of sodium (74.2 mg, 3.23 mmol) and 
doubly distilled liquid ammonia (250 ml) maintained at -78°C. The mixture was stirred 
for 4 h at -78°C to complete the conversion to the phosphide before t-butyl chloride 
(149.4 mg, 1.6 mmol) in tetrahydrofuran (30 ml) was slowly added over 30 min. Next, 
1,2-dichloroethane (79.9 mg, 0.81 mmol) in tetrahydrofuran (80 ml) was added 
dropwise over 3 h. The reaction was allowed to warm to room temperature whereupon 
the orange colour of phosphide dissipated. Following removal of the solvent and aqueous 
work-up, the crude proouct was extracted into diethyl ether (3 x 75 ml) and the ether 
extract was dried. Removal of the solvent under reduced pressure resulted in a turbid oil. 
Crude yield: 0.46 g. 31p{ IH} NMR (80.97 MHz, CD2Ch): 8 -10.95 (s), -12.3 (s), 
- 12.7 (s), - 16.5 (m), -19.52 (s). 
The crude proouct was subjected to radial chromatography on a 2 mm plate of 
silica gel with 5% diethyl ether-petroleum ether mixture to separate the fastest eluting 
narrow band which gave an Rf 0.3 on a TLC plate. Removal of solvent from this fraction 
resulted in an oil. Yield: 10 mg. 31p{ IH} NMR (80.98 MHz, CDCl3) : 8 - 10.95 (s), 
- 19.52 (s). Mass spectrum: no M+ peak at m/e 408.0 a.m.U. was detected. A second 
fraction with an Rf of 0.25 on a TLC plate was also isolated from the crude product by 
radial chromatography. Removal of solvent gave an oil. Yield: 10 mg. 31p{-lH} NMR 
(80.98 MHz, CDCl3): 8 - 12.05 (s), - 19.52 (s). Mass spectrum: no M+ peak at m/e 
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408.0 a.m.u. was detected. 
Method B: Addition of 1.2-ethanediyl-bisCmethanesulfonate) 
1,2-Ethanediyl-bis(methanesulfonate) was prepared by the standard literature 
procedure. 177 The reaction was executed as described in Method A with the exception 
that 1 equiv. bis(methanesulfonate) was added to the phosphide solution generated. The 
product obtained upon work-up was identical to that generated by Method A as far as 
could be determined by 31 P { 1 H} NMR spectroscopy. 
Method C: Addition of 1 ,2-dichloroethane in presence of cesium chloride 
The phosphide was generated as described in Method A followed by the addition 
of t-butyl chloride. Cesium chloride (1.1 equiv.) was added to the phosphide solution 
followed by 1,2-dichloroethane (1 equiv.). After work-up, an oily residue was obtained. 
31 p { 1 H} NMR spectrum of this product was similar to that obtained by Method A. 
Method D: Addition of 1 ,2-dichloroethane in presence of cesium triflate 
The phosphide was generated as described in Method A followed by the addition 
of t-butyl chloride. Cesium triflate (1.1 equiv.) was added to the phosphide solution 
followed by 1,2-dichloroethane (1 equiv.). After work-up, an oily residue was 
recovered. 31 P { 1 H} NMR spectrum of this product was similar to that obtained by 
Method A. 
Stepwise cyclisation of bis[2-(phenylphosphino)ethyl]phenyl-
phosphine (48) 
Bis[2-(phenylphosphino)ethyl]phenylphosphine (180 mg, 0.47 nunol) was 
dissolved in tetrahydrofuran (250 ml) and n-BuLi (0.29 ml, 0.47 nunol) was added to the 
solution at room temperature to generate the phosphide. After stirring for 5 min, the 
solution was cooled to -78°C before 1,2-dichloroethane (47 mg, 0.47 mmol) was added 
dropwise. The mixture was then allowed to warm slowly to room temperature and was 
stirred for 18 h. Subsequent removal of solvent under reduced pressure was followed by 
an aqueous work-up of the reaction mixture. The product was then extracted into diethyl 
ether (3 x 75 ml), the solution dried, and the solvent removed under reduc~ pressure to 
give a turbid oil. Yield: 0.24 g. The 31 P {1 H} NMR spectrum of the product was similar 
-to that obtained for the compound from the treatment of disodium bis[2-(phenyl-
phosphido )ethyl]phenylphosphine with 1,2-dichloroethane (Method A). 
Generation of bis(phosphide) of 48 with cesium n-butoxide 
followed by alkylation 
139. 
The bis(phosphide) was generated by addition of 2 equiv. cesium n-butoxide to 
a solution of bis[2-(phenylphosphino )ethyl]phenylphosphine. Addition of 1,2-
dichloroethane (1 equiv.) followed by aqueous work-up gave a turbid oil. 31p{ 1H} NMR 
spectrum of the product was similar to that of the product obtained by the treatment of 
disodium bis[2-(phenylphosphido )ethyl]phenylphosphine with 1,2-dichloroethane 
(Method A). 
Generation of magnesium bis(phosphide) of 48 followed by 
alkylation 
Bis[2-(phenylphosphino)ethyl]phenylphosphine was dissolved in 
tetrahydrofuran and diethyl magnesium (1 equiv.) was added. To this mixture was added 
1,2-dichloroethane (1 equiv.) in tetrahydrofuran over a period of 2 h. Upon aqueous 
work-up, a light brown oil was recovered. The 31p{ 1H} NMR spectrum of the product 
was identical to the starting material. 
Generation of dilithium bis(phosphide) 49 followed by alkylation 
with vinyl bromide 
Dilithium bis[2-(phenylphosphido)ethyl]phenylphosphine was generated by 
method B from bis[2-(phenylphosphino)ethyl]phenylphosphine and n-BuLi (2.2 equiv.) 
in tetrahydrofuran. To the phosphide solution was added vinyl bromide (10 equiv.) in 
tetrahydrofuran. Upon aqueous work-up, a light brown oil was recovered. The 31p(1H} 
NMR spectrum of the product was identical to that obtained for the compound from the 
treatment of disodium bis[2-(phenylphosphido )ethyl]phenylphosphine with 1,2-
dichloroethane (Method A). 
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Generation of dilithium bis(phosphide) 49 followed by alkylation 
with allyl bromide 
The generation of the bis(phosphide) 49 is as described above. A solution of 
allyl bromide (1.1 equiv.) in tetrahydrofuran was added to the phosphide. Upon aqueous 
work-up, a light brown oil remained. The 31p{ IH} NMR spectrum of the product was 
identical to that obtained for the compound from the treatment of disodium bis[2-
(phenylphosphido )ethyl]phenylphosphine with 1,2-dichloroethane (Method A). 
(R *,R *)/(R * ,S*)-( 1J5-CyclopentadienyI) [bis{2-(phenyl-
phosphino)ethyl}phenylphosphine]iron(II) hexafluorophosphate (57) 
(R* ,R*)/(R* ,S*)-Bis[2-(phenylphosphino )ethyl]phenylphosphine (0.61 g, 1.6 
mmol) was dissolved in dichloromethane (lOO ml) and (1J5_cyclopentadienyl)(ry6-
toluene)iron(II) hexafluorophosphate (459 mg, 1.28 mmol) was added. The mixture was 
photolysed with an incandescent lamp (300 W) for 1 h. Removal of solvent under 
reduced pressure resulted in a brownish yellow oil. Yield: 0.83 g (100%).1 H NMR (300 
MHz, CDCI3): 8 1-2.4 (m, CH2), 3.78 (s, CpH), 4.07 (s, CpH'), 4.35 (s, CpH"), 6.8-
7.8 (m, ArH). 13C{ IH} NMR (75.5 MHz, CDCI3): 820-35 (m, CH2), 79.94 (s, CpC), 
80.17 (s, CpC,), 128-134 (m, ArC). 31p(lH} NMR (121.42 MHz, CDCI3): 863.47 (d, 
11ppl = 31.7 Hz, (R*,S*)-Pterminal), 81.44 (d, 11ppl = 27.1 Hz, (R*,S*)-Pterminal), 122.1 
(t, IJppl = 33.9 Hz, (R* ,S*)-P central), 130.93 (t, IJppl = 27.1 Hz, (R* ,S*)-P central), 
127.32, 75.11, 64.76, (AXY system, IJ AXI = 49.7 Hz, II Ayl = 49.7 Hz, IJXyl = 31.7 
Hz, (R*,R*)-P). 
Epimerisation of (R*,R *)/(R*,S *)-( 1J 5-cyclopentadienyl)[bis{2-
(phenylphosphino)ethyl}phenylphosphine]iron(II) hexafluorophosphate 
(57) 
Complex 57 (1.01 g, 1.56 mmol) was dissolved in tetrahydrofuran (50 ml) and 
freshly sublimed KOBu l was added (0.35 g, 3.12 mmol) at room temperature. The 
mixture was stirred for 10 min at that temperature before being quenched With water (40 
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ml). It was then extracted into dichloromethane (2 x 25 ml) and the organic extract was 
dried. Removal of solvent under reduced pressure resulted in a brown gum. Crude yield: 
0.81 g (80%). The 31p{ 1H} NMR spectrum for the product was identical to that of the 
starting material with the exception that the R*,R* cliastereomer resonances dominated the 
spectrum. 
(R* ,R*)/(R* ,S*)-Bis[2-(methylphenyl phosphino )ethyl] phenyl-
phosphine (61) 
Bis[2-(cliphenylphosphino)ethyl]phenylphosphine (2.48 g, 4.64 mmol) was 
converted into dilithium bis[2-(phenylphosphido )ethyl]phenylphosphine using lithium 
(0.13 g, 18.7 mmol) in tetrahydrofuran (50 ml) as described in Method A. After the 
conversion was complete, freshly distilled methyl iodide (2.28 g, 16.1 nunol) was titrated 
into the solution of phosphide until the deep-burgundy colour was dissipated. The 
mixture was subjected to aqueous work-up and the product was extracted into 
clichloromethane (2 x 100 ml). The organic extract was then dried and the solvent was 
removed under reduced pressure to give a yellow gum. Crude yield: 1.88 g (98.7%). 
Column chromatography of the crude product using neutral alumina (3 cm) and 
clichloromethane (200 ml) as eluant, followed by the removal of the solvent resulted in a 
colourless gum. Yield: 1.10g (57.8%).lH NMR (300 MHz, CDCI3): 8 1.22 (m, 6 H, 
CH3), 1.56-1.72 (m, 8 H, CH2), 7.2-7.4 (m, 15 H, ArH). 13C{ 1H} NMR (75.4 MHz, 
CDCI3): 8 10.97 (d, 11Jcpl = 14.3 Hz, PCH3), 11.28 (d, 11Jcpl = 14.3 Hz, PC1-I3), 
23.0 (m, CH2), 25.74 (m, C'H2), 128.0-140.05 (m, ArC). 31p{lH} NMR (121.42 
MHz, CDCI3): 8 -16.43 (t, 13Jppl = 14.8 Hz, (R* ,S*)-Pcentral), -16.63 (t, 13Jppl = 15.6 
Hz, (R*,R*)-Pcentral), -16.83 (t, 13Jppl = 16.3 Hz, (R*,S*)-Pcentral), -31.16 (m, 
(R* ,R*)/(R* ,S*)-Pterminal). 
(R* ,R *)/(R* ,S*)-( 7JS-Cyclopentadienyl) [bis-{2-(methylphenyl-
phosphino )ethyl} phenyl phosphine]iron (II) hexafluorophos phate (62) 
(R* ,R*)/(R* ,S*)-Bis[2-(methylphenylphosphino )ethyl]phenylphosphine 
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(1.1 g, 2.68 mmol) was dissolved in dichloromethane (60 ml) together with 
(7J5_cyclopentadienyl)(rr'-toluene)iron(II) hexafluorophosphate (768 mg, 2.14 mmol) and 
the mixture was photolysed under reflux with an incandescent lamp for 6 h. Removal of 
solvent under vacuum gave a brown residue. Crude yield: 1.45 g (100%). Column 
chromatography through Florisil (1.5 em) with dichloromethane (50 ml) as eluant gave a 
bright yellow oil. Yield: 0.61 g (42.1 %). Mp 122-124 °C. Anal. Calcd. for 
C29H34F6FeP4: C, 51.5; H, 5.1; P, 18.3. Found: C, 51.0; H, 5.5; P, 19.7. 1H NMR 
(300 MHz, CDCI3): 0 0.81 (d, 12JHPI = 8.5 Hz, CH3), 1.62 (bs, CH'3), 1.68 (d, 12JHPI 
= 8.3 Hz, CH"3), 1.92 (bs, CH"'3), 1.2-3.0 (m, CH2), 3.58 (s, CpH), 3.93 (s, 
CpH,), 4.35 (s, CpH"), 6.8-8.0 (m, ArH). 13C{ 1H} NMR (75.5 MHz, CDCI3): 0 
17.2-23.1 (m, CH3), 27.2-32.7 (m, CH2), 78.65 (s, CpC), 79.56 (s, CpC'), 80.42 (s, 
CpC"), 128.0-142.0 (m, ArC). 31p{ 1H} NMR (80.97 MHz, CDCI3): 083.75 (d, IJppl 
= 36.4 Hz, (R* ,S*)-Pterminal), 86.30 (d, IJppl = 31.3 Hz, (R* ,S*)-Pterminal), 118.18 (t, 
IJppl = 35.3 Hz, (R*,S*)-Pcentral), 127.16 (t, IJppl = 31.7 Hz, (R*,S*)-Pcentral), 123.74, 
88.94,81.95 (AXY system, IJ Axl = 45.7 Hz, IJ Ayl = 45.7 Hz, IJxyl = 33.5 Hz, 
(R* ,R*)-P). FAB-Mass spectrum. Found: m/e 531.3 a.m.u. (M+). (Calcd.: m/e 531.36). 
(R* ,R*)/(R* ,S*)-Bis[2-{ (methoxymethyl)phenyl phosphino}-
ethyl]phenylphosphine (64) 
Method A 
Bis[2-(diphenylphosphino)ethyl]phenylphosphine (5.41 g, 10.12 mmol) was 
converted to dilithium bis[2-(phenylphosphido)ethyl]phenylphosphine as described by 
Method A. The phosphide fonned was cooled to -78 °C and chloromethyl methyl ether 
(3.60 g, 44.7 mmol ) was added dropwise. After the addition, the reaction mixture was 
allowed to warm slowly to room temperature over 4 h. The mixture was then subjected to 
aqueous work-up and the organic material was extracted into diethyl ether (3 x 100 ml). 
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The combined ether extracts were dried and the solvent was removed under reduced 
pressure to leave a light-brown oil. Crude yield: 4.32 g (90.7%). Column 
chromatography through neutral alumina (2 cm) with dichloromethane (150 ml) as eluant 
gave a clear colourless oil upon removal of solvent. Yield: 3.19 g (67%). Anal. Calcd. 
for C26H3302P3: C, 66.4; H, 7.1; P, 19.8. Found: C, 66.3; H, 7.5; P, 19.9. IH NMR 
(300 MHz, CDCI3): 8 1.6--2.0 (m, 8 H, CH2), 3.35 (m, 6 H, OCH3), 3.86 (m, 4 H, 
OCH2), 7.2-7.6 (m, 15 H, ArH). 13C{ IH} NMR (75.5 MHz, CDCI3): 8 19.8-24.0 (m, 
CH2), 60.69 (d, 13JCpl = 7.0 Hz, PCH20CH3), 73.23 (d of d, 11JCpl = 17.1 Hz, 14JCpl = 
9.8 Hz, PCH20), 127.6--137.5 (m, ArC). 31p{ IH} NMR (121.42 MHz, CDCI3): 
8 -15.82 (t, 13Jppl = 26.8 Hz, Pcentral), -16.04 (t, 13Jppl = 22.0 Hz, Pcentral), -16.27 (t, 
13Jppl = 22.0 Hz, Pcentral), -23.72 (d, 13Jppl = 29.3 Hz, Ptenninal), -23.77 (d, 13Jppl = 
26.8 Hz, Ptenninal), -24.12 (d, 13Jppl = 28.0 Hz, Ptenninal), -24.15 (d, 13Jppl = 28 Hz, 
Ptenninal). Mass spectrum: m/e 91.0 a.m.u. (100%), 183.0 (61.2%), 77.0 (60.4%), 
121.0 (50.7%),199.0 (41.1%), 200.0 (40.0%),185.0 (34.1%),105.0 (32.3%). 
The product contained an impurity identified as (methoxymethyl)diphenyl 
phosphine, 66, which was identified by an independent synthesis (see below). 
Method B 
Bis[2-(phenylphosphino)ethyl]phenylphosphine (2.74 g, 7.17 mmol) was 
converted to dilithium bis[2-(phenylphosphido )ethyl]phenylphosphine as described by 
Method B. The phosphide solution was then cooled to -78°C and chloromethyl methyl 
ether (1.27 g, 15.8 mmol) was added dropwise and was allowed to warm slowly to room 
temperature. After aqueous work-up of the mixture, the product was extracted into 
dichloromethane (2 x 100 ml) and dried. Crude yield: 2.92 g (86.6%). Column 
chromatography through neutral alumina (2 cm) with dichloromethane (150 ml) as eluant 
gave a clear colourless oil upon removal of solvent. Yield: 1.85 g (54.8%). All spectral 
details were identical with those of the phosphine synthesised by Method A. 
144. 
(Methoxymethyl)di phenyl phosphine (66) 
Diphenylphosphine (2.52 g, 13.53 nunol) was dissolved in tetrahydrofuran (50 
ml) and n-BuLi (10.5 ml, 14.9 nuno!) was added to fonn the phosphide. Next, 
chloromethyl methyl ether (1.20 g, 14.9 mmol) was added slowly to the solution and the 
mixture was stirred for a further 4 h. The mixture was then subjected to aqueous work-up 
and was extracted into diethyl ether (2 x 50 ml). The combined ether extracts were dried 
and the solvent was removed under reduced pressure, resulting in a gelatinous yellow oil. 
Crude yield: 2.68 g (86%). Column chromatography through neutral alumina (2 cm) with 
diethyl ether (150 ml) as eluant gave a clear colourless oil upon removal of solvent. Yield: 
2.22 g (71.3%). Anal. Calcd. for C14H1S0P: C, 73.0; H, 6.6; P, 13.5. Found: C, 72.8; 
H, 7.0; P, 13.6. IH NMR (300 MHz, CDCl3): 83.44 (s, 3 H, OCH3), 4.17 (d, 2 H, 
121HPI = 5.1 Hz, OCH2), 7.3-7.6 (m, 10 H, ArH). 13C{ IH} NMR (75.5 MHz, CDCl3): 
8 60.44 (d, 131Cpl = 7.6 Hz, OCH3), 74.15 (d, 111Cpl = 6.6 Hz, CH20), 128.39 (d, 
131Cpl = 6.6 Hz, ArCmeta), 128.68 (s, ArCpara), 132.89 (d, 121Cpl = 17.6 Hz, ArCortho), 
136.51 (d, 111Cpl = 11 Hz, ArCipso). 31p{ IH} NMR (121.4 MHz, CDCl3): 8 -20.3 (s) . . 
Mass spectrum: m/e 230.1 a.m.u. (32.4%, M+). 
(R* ,R *)/(R* ,S*)-( 1JS-CyclopentadienyI) [bis{2- [(methoxymethyl)-
phenylphosphino]ethyl}phenylphosphine]iron(II) hexafluorophosphate 
(65) 
(R* ,R*)/(R* ,S*)-Bis[2-{(methoxymethyl)phenylphosphino} ethyl]phenyl-
phosphine (3.01 g, 6.40 romol) was dissolved in dichloromethane (200 ml) and 
(1J5-cyclopentadienyl)(rf-toluene)iron(II) hexafluorophosphate (2.01 g, 5.61 nunol) was 
added. The mixture was photolysed under reflux with an incandescent lamp for 6 h. 
Removal of solvent from the crude product followed by column chromatography through 
Florisil with dichloromethane (200 ml) as eluant gave the desired product. Yield: 2.36 g 
(57%). Mp: 98-101 °C. Anal. Calcd. for C31H38F(}fe02P4: C, 50.6; H, 5.2; F, 15.5; P, 
16.8. Found: C, 51.6; H, 5.4; F, 15.5; P, 17.0. IH NMR (300 MHz, CD~13): 81.3-2.7 
(m, CH2), 2.47 (s, OCH3), 3.06 (d, 121HPI = 11.4 Hz, PCH20), 3.19 (d, 12JHPI = 9.0 
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Hz, PCH'20), 3.30 (s, OCH'3), 3.39 (s, OCH"3), 3.44 (s, OCH"'3), 3.6 (s, CpH), 
4.03 (s, CpH,), 4.5 (s, CpH"), 6.9-7.9 (m, ArH). 13C{ IH} NMR (75.4 MHz, CDCI3): 
820-32 (m, CH2), 60.95 (m, OCH3), 71.82 (d, 11JCpl = 33.0 Hz, OCH2), 77.87 (s, 
CpC), 79.31 (s, CpC,), 80.33 (s, CpC"), 127-139 (m, ArC). 31p{ IH} NMR (121.42 
MHz, CDCI3): 893.95 (d, IJppl = 36.2 Hz, (R*,S*)-Ptenninal), 94.32 (d, IJppl = 27.1 
Hz, (R*,S*)-Ptenninal), 119.38 (t, IJppl = 33.9 Hz, (R*,S*)-Pcentral), 127.58 (t, IJppl = 
29.4 Hz, (R* ,S*)-P central), 125.42, 99.55, 89.24 (AXY system, IJ Axl = 45.2 Hz, IJ A yl 
= 45.2 Hz, IJxyl = 31.7 Hz, (R*,R*)-P). FAB-Mass spectrum: Found: m/e 591.1 
a.m.u. (M+). (Calcd.: m/e 591.42). 
(R* ,R *)/(R* ,S*)-( 1J 5-Cyclopentadienyl)[bis-{2- [(bromomethyl)-
phenylphosphino]ethyl}phenylphosphine]iron(II) hexafluorophosphate 
(59) 
Complex 65 (2.66 g, 3.61 mmol) was dissolved in dichloromethane (100 ml) 
and the solution was cooled to -78°C. To this solution was added boron tribromide 
(1.02 ml, 10.8 mmol). The mixture was stirred and allowed to wann slowly to room 
temperature. The mixture was stirred for a total of 34 h before being subjected to aqueous 
work-up with a solution of ammonium hexafluorophosphate (4.0 g, 24.5 mmol). The 
metathesis was continued for 5 min before the product was extracted into 
dichloromethane (2 x 50 ml). The organic extract was dried, the solvent removed, giving 
a dark yellow residue. Crude yield: 3.02 g (100%). (Extended aqueous Nl4PF6 work-
up resulted in loss of diastereomers.) Batch-wise column chromatography of the crude 
product on Florisil (1 cm) with acetone as eluant gave a bright yellow eluate. Removal of 
solvent under vacuum gave a yellow residue. Yield: 2.13 g (70.7%). Mp 126-129 °C. 
IH NMR (300 w-Iz, CD2CI2): 8 1.0-3.1, 3.5-3.9 (m, CH2), 3.77 (s, CpH), 4.19 (s, 
CpH'), 4,65 (s, CpH"), 4.52 (s, CH2Br), 6.9-8.0 (m, ArH). 13C{ IH} NMR (75.4 
MHz, CD2Ch): 8 23-30.6 (m, CH2), 34.11 (s, CH2Br), 79.05 (s, CpC), 80.55, (s, 
CpC,), 81.83 (s, CpC"), 128-138.4 (m, ArC). 31p{IH} NMR (121.42 MHz, CD2Ch): 
8 101.6 (m, {(R*fl*)/(R*,S*)-anti}-Pterminal), 103.79 (d, IJppl = 27.1l{z, {(R*,S*)-
syn}-Ptenninal), 115.08 (t, IJppl = 33.9 Hz, {(R*,S*)-anti}-Pcentral), 121.78 (t, IJppl = 
146. 
31.6 Hz, (R* ,R*)-P central), 125.84 (t, LIppi = 27.1 Hz, {(R* ,S*)-syn} -P central). FAB-
Mass spectrum: Found: m/e 689.2 a.m.U. (M+). (Caled.: m/e 689.14). 
(1J5-Cyclopentadienyl)(I,4,7 -triphenyl-l,4, 7 -triphosphacyclo-
nonane)iron(II) hexafluorophosphate (58) 
Complex 59 (1.44 g, 1.7 mmol) was dissolved in N,N-dimethylfonnamide (10 
ml). A suspension of bis(I,5-cyclooctadiene)nickel(0) (1.52 g, 5.53 mmol) in 
dimethoxyethane (20 ml) was added and the reaction mixture was stirred at room 
temperature for 18 h. The resulting mixture was subjected to aqueous work-up and the 
product was extracted into dichloromethane (3 x 200 ml). The organic extract was dried 
and the solvent was removed under vacuum to give a brown oil. Crude yield: ca. 10 mg. 
31p{lH} NMR (121.42 MHz, CDCI3): 831.1. FAB-Mass spectrum: Found: m/e 529.3 
a.m.u. (M+). (Calcd.: m/e 529.34). 
(R * ,R *)/(R * ,S *)-(Acetonitrile) (1J5-cyclopenta dienyl) [bis( 1,2-
phenylphosphino)ethane]iron(II) hexafluorophosphate (73) 
Following a method used previously to prepare [(1JS-CsHS)-
(Ph2PCH2CH2PPh2)Fe(NCCH3)]PF6,13S (R* ,R*)/(R* ,S*)-bis( 1 ,2-phenylphosphino)-
ethane (0.68 g, 2.76 mmol) was dissolved in acetonitrile (100 ml) together with bromo-
(dicarlxmyl)(1JS-cyclopentadienyl)iron(ll) (710 mg, 2.76 mmol). The mixture was 
irradiated for 60 min with UV light, and then the solvent was concentrated to ca. 10 ml. It 
was then treated with aqueous ammonium hexafluorophosphate (3.0 g, 18.4 mmol) and 
diethyl ether (100 ml) and the mixture was stirred for 15 h. The ether layer was decanted, 
leaving a brown aqueous layer, which was extracted with dichloromethane (2 x 100 ml). 
The organic extract was dried, and the solvent was removed under reduced pressure to 
give a blood-red glassy solid. Crude yield: 0.92g (60.3%). IH NMR (300 MHz, CDC13): 
8 1.0-3.0 (bs, 7 H, CH2CH2, CH3), 4.2 (bs, 5 H, CpH), 4.25 (d, 2 H, 11JHPI = 75 Hz, 
PH), 7.2-8.0 (bs, 10 H, ArH). 13C{ IH} NMR (75.5 MHz, CDC13): 84.33 (s, CH3), 
23-25 (m, CH2), 77.88 (s, CpC), 78.02 (s, CpC'), 78.25 (s, CpC"), 128:-134 (m, 
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ArC). 31p{ 1H} NMR (80.98 :MHz, CDCI3): 862.0 (s, (R*,S*)-P), 63.8 (d, 12Jppl = 34 
Hz, (R* ,R*)-P), 73.8 (d, 12Jppl = 36.4 Hz, (R* ,R*)-P), 74.9 (s, (R* ,S*)-P). 
Dilithium phenyJphosphide (81) 
Phenylphosphine (9.54 g, 86.7 mmol) was dissolved in tetrahydrofuran and the 
solution was cooled to 0 °C. With rapid stirring, n-BuLi (121.42 ml, 190 mmol) was 
added, giving a yellow precipitate. The suspension was stirred for a further 2 h at room 
temperature. The precipitate was filtered and washed with petroleum ether until the 
washings were clear and colourless. The yellow cake was collected and dried under 
vacuum (0.05 rrunHg) for 2 h at room temperature. Crude yield: 11.49 g (108.7%). 
Because of the extreme air-sensitivity of the compound, it was not analysed. 
I-PhenyJphosphirane (77) 
Crude dilithium phenylphosphide from the above reaction (11.5 g, 86.7 mmol) 
was suspended in tetrahydrofuran (11) and the suspension was stirred rapidly for 30 min 
in order to promote dissolution of the phosphide. The suspension was then cooled to -78 
°C and 1,2-dichloroethane (7.65 g, 77.3 mmol) was added in one single step. The 
cooling bath was then removed and the mixture was allowed to warm to room 
temperature where stirring was continued for 18 h resulting in a turbid, pale yellow 
solution. The solvent was then removed under reduced pressure, giving a gelatinous 
residue that was extracted with petroleum ether (150 ml). The solvent was removed under 
reduced pressure and the residue was distilled to give in a clear mobile oil, bp 48 °C (1 
rrunHg). Lit. 143 Bp 44 48 °C (1.5 rrunHg). Yield: 2.21 g (21 %). 1H NMR (200 MHz, 
C6D6): 80.9-1.3 (m, 4 H, CH2), 7.0-7.4 (m, 5 H, ArH). 13C{ 1H} NMR (50.3 MHz, 
C6D6): 8 10.09 (d, 11JCpl = 40.3 Hz, CH2), 128.4 (s, ArCpani), 128.53 (s, ArCmeta), 
131.88 (d, 12JCpl = 19.6 Hz, ArCortho), 139.81 (d, 11JCpl = 39.6 Hz, ArCipso). 31p{ 1H} 
NMR (80.97 MHz, C6D6): 8 -236.6 (s) . 
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!ac-(Tricarbonyl)tris(l-phenylphosphirane)molybdenum(O) (87) 
1-Phenylphosphirane (400 mg, 2.93 mmol) was dissolved in benzene (40 ml) 
and added a solution of tricarbonyl(mesitylene)molybdenum(O) (279 mg, 0.928 mmol) in 
benzene (20 ml). The mixture was stirred at room temperature for 20 h before being 
heated under reflux for 150 min to complete the reaction. The yellow solution obtained 
was subjected to column chromatography on silica gel (4 em) with benzene as eluant. 
Removal of solvent from the clear yellow eluate resulted in a bright yellow powder. 
Recrystallisation of the powder from hot toluene afforded off-white crystals of the pure 
product. Yield: 380 mg (69.6%). Mp: 141 °C. Anal. Calcd. for C27H27Mo03P3: C, 
55.1; H, 4.6; P, 15.8. Found: C, 55.8; H, 4.7; P, 15.5. 1 H NMR (200 MHz, CD2Cb): 
00.98 (bs, CH2), 1.37 (bs, CH2), 7.27 (m, ArH). 13C{ IH} NMR (50.30 MHz, 
CD2Cb): 0 10.21 (m, CH2), 128.65 (m, ArCmeuJ, 129.44 (s, ArCpara), 132.22 (m, 
ArCortho), 138.01 (m, ArCipso). 31p{ IH} NMR (80.97 MHz, CD2CI2): 0 -163.6 (s), 
-163.6 (sextuplet, 11J31 p_95Mol = 143.5 Hz). FAB-Mass spectrum. Found: m/e 588 
a.m.u. (M+). (Calcd.: 588.37). IR (CH2CI2): 1950 (s), 1856 (s) cm-1 (v(CO)). 
I-Phenylphosphetane (95) 
Crude dilithium phenylphosphide (13.4 g, 96.74 mmol) was suspended in 
tetrahydrofuran (11) and the suspension was stirred rapidly for 30 min to promote 
dissolution of the phosphide. The suspension was then cooled to -78 °C before 1,3-
dichloropropane (10 g, 88.5 mmol) was added in one single step. The cooling bath was 
then removed and the mixture was allowed to warm up to room temperature and was 
stirred for 18 h. This resulted in a turbid, slightly yellow solution. The solvent was then 
removed under reduced pressure, leaving a gelatinous product that was extracted with 
petroleum ether (150 ml). The solvent was removed from the extract under reduced 
pressure, leaving a residue which was distilled to give a clear mobile oil having bp 63 °C 
(0.05 mmHg). Crude yield: 1.71 g (13%) consisting of a 4: 1 mixture of 1-phenyl-
phosphetane to polymer, as determined by 31p{ 1H} NMR spectroscopy. 1)1e addition of 
a small quantity of trans-dichlorobis(diethylsulfide)palladium(Il) to the solution of 
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I-phenylphosphetane in benzene precipitated the polymer-palladium complex after 5 min. 
Complete precipitation of the polymer was mom tored by 31 P { 1 H} NMR spectroscopy by 
the disappearance of the free polymer peale. Filtration of the clear solution followed by 
removal of solvent resulted in a clear oil. Yield: 1.36 g (9.4%). IH NMR (200 MHz, 
CD2C12): 8 1.8-2.8 (m, 6 H, CH2), 7.15-7.5 (m, 5 H, ArH). 13C{ IH} NMR (50.3 
MHz, CD2CI2): 822.42 (d, 111Cpl = 7.1 Hz, CaH2), 24.77 (d, 121Cpl = 3.0 Hz, Cf3H2), 
127.87 (s, ArCpara), 128.64 (d, 131cpl = 5 Hz, ArCmeta), 130.52 (d, 121Cpl = 15 Hz, 
ArCortho), 143.60 (d, 111Cpl = 30 Hz, ArCipso). 31p{ IH} NMR (80.97 MHz, Q,D6): 8 
13.93 (s). Mass spectrum: m/e 150.0 a.m.u. (39.6%, M+). 
!ac-(TricarbonyI)tris(l-phenylphosphetane)molybdenum(O) (104) 
I-Phenylphosphetane (425 mg, 2.83 mmol) was dissolved in benzene (25 ml) 
and a solution of tricarbonyl(mesitylene)molybdenum(O) (230 mg, 0.765 mmol) in 
benzene (20 ml) was added. The mixture was stirred at room temperature for 14 h. The 
solution was subjected to column chromatography on silica gel (4 cm) with 
dichloromethane (50 ml) as eluant. Removal of the solvent from the clear eluate resulted . 
in a colourless powder. Recrystallisation of this material from tetrahydrofuran-petroleum 
ether gave white crystals of the pure product. Yield: 390 mg (80.9%). Mp: 189°C. Anal. 
Calcd. for C3oH33Mo03P3: C, 57.2; H, 5.3; P, 14.7. Found: C, 57.0; H, 5.3; P, 14.7. 
IH NMR (300 MHz, CD2CI2): 8 1.89-2.03 (m, CH2), 2.08-2.23 (m, CH 2), 2.24-2.50 
(m, CH2), 7.23-7.33 (m, ArH). 13C{ IH} NMR (125.7 MHz, CD2CI2): 824.46 (m, 
CJiH2), 28.52 (m, CaH2), 128.62 (m, ArCpara), 128.81 (m, ArCmeta), 129.97 (m, 
ArCortho), 143.28 (m, ArCipso), 219.98 (m, CO). 31p{IH} NMR (121.42 MHz, 
CD2C12): 864.25 (s), 64.25 (sextuplet, 11J31p_95Mol = 126.7 Hz). FAB-Mass spectrum: 
Found: m/e 630 a.m.u. (M+). (Calcd.: 630.45). IR. (CH2CI2): 1941 (s), 1848 (s) cm- l 
(v(CO)). 
Dilithium phenylarsenide (107) 
Phenylarsine (9.43 g, 61.2 mmol) was dissolved in tetrahydrofur~ and the 
solution was cooled to 0 °C. With rapid stirring, n-BuLi (87 ml, 129.6 mmol) was added 
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giving a yellow precipitate. The suspension was stirred for 2 h at room temperature 
before the precipitate was filtered off and washed with petroleum ether until the washings 
were clear and colourless. The yellow cake of product was collected and dried under 
vacuum (0.05 mmHg) for 2 h at room temperature. Crude yield: 11.37 g (112%). The 
dilithium phenylarsenide was used in the next reaction without analysis due to its 
air-sensitivity. 
I-Phenylarsetane (106) 
Dilithium phenylarsenide (11.4 g, 61.21 mmol) was suspended in 
tetrahydrofuran (11) and the suspension was stirred rapidly for 30 min in order to 
promote dissolution of the arsenide. The suspension was then cooled down to -78 °C and 
1,3-dichloropropane (6.27 g, 55.5 mmol) was added in one single step. The cooling bath 
was then removed and the mixture was allowed to warm up to room temperature. Stirring 
was continued for 10 h, resulting in a turbid, slightly yellow solution. The solvent was 
then removed under reduced pressure, leaving a gelatinous material that was extracted 
with petroleum ether (120 ml). The extract was filtered before the solvent was removed 
under reduced pressure. The residue was distilled, giving a few drops of a clear 
colourless oil which solidified upon cooling. Bp ca. 40 °C (0.05-0.1 mmHg). Treatment 
of the crude product with (R* ,R*)-(acetonitrile)(1J5-cyclopentadienyl)[1,2-phenylenebis-
(methylphenylphosphine)]iron(II) hexafluorophosphate in boiling methanol for 18 h 
resulted in an orange-brick solution. The product was characterised by 31p{ IH} NMR. 
(80.97 MHz, (#)6): 078.95,80.08 (AB system, IJABI = 45.2 Hz). Lit:163 31p{ IH} 
NMR (121.42 MHz, CD2Ch): 0 80.9, 82.1 (AB system, 11 ABI = 44.6 Hz). 
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